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Title: Tumor-Specific Requlation of CEACAM1 Cell Adhesion Molecule in _Prostate

Carcinogenesis
Principal Investigator: Sue-Hwa Lin, Ph.D.

(4) INTRODUCTION

This is the final report on the project “Tumor-Specific Regulation of C-CAM1 (renamed
as CEACAMT1) Cell Adhesion Molecule in Prostate Carcinogenesis”. We will list the progress
for each Specific Aims. As describe below, the most significant contribution of this study is that
we have unraveled a new tumor-specific transcriptional regulation mechanism of CEACAM1.
The notion that down-regulation of a tumor suppressor gene is due to an increase in the leve! of
a transcription factor that suppresses its expression is novel. In addition, the transcriptional
suppressor that we have identified, i.e., Sp2, is also a novel molecule. This is the first time that
a specific function for Sp2 is identified. A manuscript on this discovery has been written and is

being submitted for publication. We have attached the manuscript as part of our progress
report.

CEACAM1 is a 105 kDa glycoprotein which mediates homotypic cell adhesion. We havé
shown that CEACAM1 plays critical roles in prostate cancer initiation and progression and that
loss of CEACAM1 is an early event in the development of prostate cancer. We showed that re-
introduction of CEACAM1 into prostate cancer cells could reverse their cancerous growth. In
addition, we also showed that reduction of CEACAM1 expression, by CEACAM1 antisense
transfection, in non-tumorigenic prostate epithelial cells (NbE) induced their tumorigenicity.
These results indicate that CEACAM1 is a tumor suppressor and CEACAM1 plays a critical role
in pathways that regulate the progression of prostate cancer. Thus, CEACAM1 itself or drugs
that up-regulate CEACAM1 expression could be promising therapeutics for prostate cancer
treatment.

The mechanism of CEACAM1 down-regulation in tumorigenesis is not clear. There is no
evidence that the human CEACAM1 gene, which is located on chromosome 19, is deleted in
prostate cancer patients. Decreased expression but not mutation of CEACAM1 is detected at
the early stages of prostate carcinogenesis. Therefore, we believe that down-regulation instead
of irreversible loss of CEACAM1 expression in vivo is the major cause of tumorigenesis. We
propose to identify mechanisms that regulate CEACAM1 gene expression in prostate

carcinogenesis. Specifically, we plan to (1) examine whether altered chromatin remodeling
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contributes to CEACAM1 down regulation; (2) study interactions between known transcription
factors and CEACAM1 promoter; specially examine the involvement of AP-2 in CEACAM1 gene
expression in tumorigenesis; (3) screen for factors that modulate CEACAM1 expression. The
proposed work was divided into three Tasks to be carried out in parallel.

Task 1. Determine whether altered chromatin remodeling contributes to CEACAM1 down
regulation (months 1-12)

Task 2. Study interaction between known transcription factors and CEACAM1 promoter,
specifically AP-2. (Months 1-18)

Task 3. Search for the transcriptional activators/co-activators involved in CEACAM1 expression
(months 1-24)

Task 4. Search for transcriptional repressors that regulate CEACAM1 expression (Months 1-24)

Results from this study will allow us to understand CEACAM1 gene regulation during
tumorigenesis. This study may also yield targets for the design of new strategies to control
tumor progression or to implement early detection and prevention. While gene therapy using
CEACAM1 is a promising approach, drugs that can activate CEACAM1 gene expression is
more convenient and can be used in conjunction with CEACAM1 gene therapy to achieve a
better therapeutic efficiency. Therefore, our research will contribute to the improvement of
various aspects of prostate cancer control.

5) BODY
5.1. Studies performed under Task 1— Determine whether altered chromatin

remodeling contributes to CEACAM1 down requlation
5.1.1. Rationale: The conformation of genes within chromatin determines whether a gene is in

its active or inactive state. These structural features are regulated by enzymes that modify
chromatin structure. Histone acetylation leads to open chromatin conformation that promotes
gene transcription by making promoter sequences accessible to transcription factors. We plan
to investigate, using the chromatin immunoprecipitation (ChiP) assay, whether changes in

chromatin remodeling might account for CEACAM1 down regulation in tumorigenesis.
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5.1.2. Experimental Plan: The ChIP assay will be used to assess whether chromatin
remodeling is involved in CEACAM1 promoter inactivation in tumorigenesis. Ac-histone in
chromatin can be cross-linked to the associated DNA in vivo. Following immunoprecipitation
with anti-acetylated Histone 4 (AcH4) antibody, the associated DNA can be analyzed by
polymerase chain reaction (PCR). NbE cells (CEACAM1 expressing normal prostate epithelial
cells) and Mat-LyLu (MLL) cells (a metastatic prostate cancer cell line expressing only 4% of
CEACAM1 compared with NbE cells) will be analyzed for the extent of the acetylated H4
association with their CEACAM1 promoter. The advantage of the ChiP assay is that chromatin
conformation of native promoters can be analyzed. This assay will allow us to address whether
histone deacetylases might be involved in transcriptional down-regulation of the CEACAM1
gene in prostate cancer cells and which region of the CEACAM1 promoter might be involved.
5.1.3. Results: Quantitative ChiP assay were carried out as described (1,2) using the ChiP
assay kit (UBI). NbE or Mat-LyLu cells grown on 10 cm culture dishes were treated with
formaldehyde to a final concentration of 1% at 37°C for 10 min. The cells were scrape from the
plates in phosphate-buffered saline (PBS) containing protease inhibitors. The cell pellets were
resuspended in lysis buffer and sonicated to reduce DNA fragments to 200 to 1000 bp. The cell
debris were removed by centrifugation and the supernatant that contained the chromatin were
saved for further analysis. Aliquots of these chromatin preparations were used to determine the
total DNA content, which was then used to normalize the PCR signals. The remaining
chromatin solution was used for immunoprecipitation. Anti-acetyl histone H4 antibody were
added to chromatin solution and incubate overnight. The immune complexes were collected
with protein-A agarose. The protein-A agarose beads were pellet by centrifugation and the .
immune complexes eluted by elution buffer. The crosslinked protein-DNA complexes were
incubated at 65°C for 4 hours to reverse the crosslink. The proteins were digested with
proteinase K and DNA recovered by phenol/chloroform extraction and ethanol precipitation.
The genomic DNA fragments bound to anti-acetylated histone antibody were analyzed by
quantitative PCR using primer pairs corresponding to different regions of the CEACAM1
promoter. Significant increase (about 2-fold) in the amount of chromatin from the CEACAM1
promoters associated with anti-acetylated histone antibody was observed in the NbE cells
compared to that of Mat-LyLu cells (Fig. 1). These results suggest that CEACAM1 promoter
region is in more "acetylated" form and thus more "active” state in NbE cells compared to that of
Mat-LyLu cells.

5.1.4. Discussion Preliminary results support the notion that chromatin remodeling is

involved in down-regulation of CEACAM1 in tumorigenesis. This observation will be further
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confirmed by using real time PCR to quantitate the difference.

5.2. Studies performed under Task 2— Study interaction between known transcription
factors and CEACAM promoter, specifically AP-2.

5.2.1. Rationale: The CEACAM1 promoter lacks a TATA or CAAT box but has potential binding
sites for known basal and regulatory transcription factors. Several AP-2 (activator protein 2)
binding sites were found in the CEACAM1 promoter. AP-2 (activator protein 2) was shown to
regulate the expression of several oncogenes and tumor suppressor genes and has been
shown to involve in tumorigenesis. Thus, AP-2 is one of the known factors that may be
potentially involved in CEACAM1 down-regulation in tumorigenesis.

5.2.2. Experimental Plan: We examined whether AP-2 has any effect on CEACAM1 promoter

activity by co-transfecting CEACAM1 promoter-luciferase constructs and an AP-2 expression
vector into MLL cells.

5.2.3. Results: Addition of AP-2 resulted in an 8-10-fold increase in luciferase expression when
the reporter gene was driven by the -1609, -459, -249, -194 bp of CEACAM1 promoter (Fig. 2).
Deletion of the CEACAM1 promoter down to -147 bp abolished the AP-2 effect. This result
suggests that AP-2 is a transcriptional activator of CEACAM1 and the AP-2 responsive element
is located between -194 bp and -147 bp region of the CEACAM1 promoter, which is consistent
with prediction from promoter sequence analysis.

5.2.4. Discussion: These results suggest that AP-2 is a transcriptional activator of
CEACAM1 and thus is a potential regulator of CEACAM1 expression during tumorigenesis. To
further test this notion, we will study whether AP-2 expression is altered in prostate cancer cells
by Northern blot analysis. If AP-2 shows a similar pattern of down-regulation as that of
CEACAMT, it is very likely that it plays a role in the reduced CEACAM1 expression during
carcinogenesis. To assess the ability of AP-2 to activate endogenous CEACAM1 gene
expression, AP-2 will be transfected into prostate cancer cells. The functional consequence of
AP-2 expression will be examined by testing whether these AP-2 expressing prostate cancer
cells have lower in vivo tumorigenicity in nude mice.

5.3. Studies performed under Task 3— Search for the transcriptional activators/co-

activators involved in CEACAM expression
5.3.1 Rationale: We hypothesized that decreased CEACAM1 transcription during tumorigenesis

may be due to a loss of activator(s) or coactivator(s). Such a factor should have the following

properties: It should (1) exhibit different levels of expression between normal and cancer cells,
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(2) be able to activate CEACAM1 expression, and (3) suppress tumorigenicity of prostate
cancer cells. We will identify the potential tumor-specific transcription factors based on these
functional criteria.

5.3.2. Experimental plan: We plan to functionally identify these factors in the context of the
native CEACAM1 promoter, using a tumor cell line with a low level of CEACAM1 expression
such that modulation of CEACAM1 expression can be easily detected. Since CEACAM1 is a
membrane protein, cells that have increased CEACAM1 expression can be selected by
CEACAM1 antibody binding followed with fluorescence activated cell sorting (FACS). The
Dunning rat prostate cancer cell lines have the properties suitable for our purpose. Dunning
3327 prostate cell line was isolated from rat prostate tumor by Dunning (3) from inbred
Copenhagen male rat. Sublines with different biological characteristics are available (4), which
represent tumors ranging from relatively benign, slow growing, differentiated, and androgen-
sensitive tumors to rapidly growing, anaplastic (AT-2), and hormone-insensitive malignant
tumors (AT-3.1 and Mat-LyLu). We first characterized CEACAM1 expression in these cell lines
to determine if CEACAM1 protein expression levels show distinct tumor-specific down-
regulation.

5.3.3. Results

5.3.3.1 Western immunoblot analysis of CEACAM1 protein expression in the Dunning series
prostate cancer cell lines: As shown in Fig. 3, distinct changes in CEACAM1 protein
expression in the Dunning cell lines are observed by western blot analysis. A significant
decrease in CEACAM1 protein levels occurred at the transition from normal cells (NbE) to
carcinoma, AT-2 and AT-3.1, followed with further reduction in rapidly growing tumors, Mat-LyLu
(MLL). A normal prostate cell line NbE, derived from ventral prostate of Noble rat (5), was used
as a control. In Mat-LyLu cell line, CEACAM1 expression level is about 4% as compared to that
of the NbE control cell line. MLL cell line was selected for further studies.

5.3.3.2 Transfection of human prostate cDNA library in mammalian expression vector into Mat-
LyLu and FACS analysis:  To screen for CEACAM1 activation factors, a human prostate
¢DNA library in a mammalian expression vector was constructed and used to transfect Mat-

LyLu cells. Three million Mat-LyLu cells were transfected with 15 ug of expression vector using
lipofectamine (Gibco/BRL). At 2 days post-transfection, these cells were trypsinized from the
plates and incubated with polyclonal anti-CEACAM1 antibodies followed with FITC-conjugated
secondary antibody. The top 2% fluorescence positive cells, which were considered CEACAM

positive, were separated from total cell populations by FACS.
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5.3.3.3 Isolation of plasmid DNA from CEACAM positive cells: Total DNA was isolated from
the FACS sorted cells and electroporated into E. coli, which were selected in ampicillin-
containing agar plates (library plasmids contain B-lactamase). Ampicillin-resistance colonies
were recovered and pooled, and their plasmid DNA (first round DNA) (15 ug) were used to
transfect seven million MLL cells. The top 4.5% CEACAM1 positive cells were isolated by
FACS, and these plasmid DNAs (second round DNA) were retrieved as above. This selection
procedure was repeated two more times and the resulting DNAs were analyzed by restriction
enzyme digestion.

5.3.3.4 Results from 4 cycles of FACS selection: As shown in Fig. 4, the original prostate
c¢DNA library contained DNA inserts with various sizes and appeared as a smear (lane 2).

Enrichment of certain insert sizes was apparent following four-cycle selection (lane 6).
Plasmids from the fourth selection were transformed into bacteria and pIaSmids from single
bacteria colonies were isolated and their sequences will be determined. These plasmids will be
transfected into MLL to confirm their ability to activate CEACAM1 gene promoter. Plasmids that
consistently activate CEACAM1 expression in MLL cells will be further analyzed.

5.3.4 Discussion: The concept of functional screening of molecules that modulate

CEACAM1 expression in tumor cells was considered to be novel, but risky, by the reviewers.
With the funding, we were able to evaluate the method and improve the efficiency and accuracy
of the steps taken. Our modifications include (1) Use of the rat MLL cells instead of human
prostate cancer cell lines. The reason is that the CEACAM1 antibodies react with rat CEACAM
well but only react weakly with human CEACAM1. This cell line also allows us to study
CEACAM1 gene regulation in its natural context. (2) We have compared several transfection
methods/reagents and found that lipofectamine can produce about 30% transfection efficiency
in MLL cells. (3) Electroporation of isolated plasmids into competent E. coli greatly increases the
efficiency of transformation. This step not only amplifies selected plasmids, but also removes
mitochondria or cellular DNA that are present in the DNA preparation. With these
improvements, we are confident that factors that modulate CEACAM1 expression can be
isolated.

5.4. Studies performed under Task 4 — Search for transcriptional repressors
5.4.1. Rationale: Down-regulation of CEACAM1 expression during prostate cancer progression

may also arise from increase of factors that suppress CEACAM1 expression.
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5.1.3. Experimental Plan. CEACAM1 promoter regions that show different activity when
expressed in normal versus tumor cell lines will be used to probe for the transcription factor that
bind to that region differentially.
5.4.3. Results
5.4.3.1. CEACAM1 Messages in Prostate Cancer Cell Lines

As shown in Fig. 3, CEACAM protein was down-regulated in Mat-LyLu cell line. Since
decrease in protein expression can arise from transcriptional and post-transcriptional events, we
further examine the levels of CEACAM1 messages in the NbE and Mat-LyLu cell lines. Using a
probe generated from full-length CEACAM1 cDNA (6), Northern blotting showed a significant
decrease in the steady-state levels of 4 kilobase (kb) mRNA for CEACAM1 in Mat-LyLu cells
(Fig. 5). These observations indicate that loss of CEACAM1 protein is due to the reduction of
CEACAM1 transcript. Thus, down-regulation of CEACAM1 expression in prostatic cancer cells
could be due to altered transcriptional activity, which could result from changes in the cis
elements, e.g., methylation, in the CEACAM1 promoter or the frans factors, e.g., transcription
factors, that regulate promoter activity.
5.4.3.2. Promoter Methylation

Aberrant hypermethylation of 5' CpG islands within proximal promoter regions has been

implicated as a mechanism by which tumor suppressor genes can be inactivated. Examples of
this mechanism have been best demonstrated for the VHL and p16 tumor suppressor genes
(7.8). In addition, Graff et al. (9) have aiso shown that hypermethylation is one of the
mechanisms for the down-regulation of the "metastasis suppressor” gene, i.e., E-cadherin, in
prostate cancer. Genomic clone containing the CEACAM1 promoter has been isolated (10).
Promoter sequence analysis showed that CEACAM1 promoter does not have high CpG content
typical for genes whose expressions were modulated by methylation. Only 5 CpG dinucleotides
were found within the 250 bp promoter proximal region of CEACAM1 promoter. Treatment of
the Mat-LyLu cells with DNA methylation inhibitor 5-aza-2'-deoxycytidine did not result in an
increase of CEACAM1 protein expression as judged by RT-PCR and Western blot analysis
(data not shown). Thus, promoter methylation was unlikely to be involved in CEACAM1
regulation. This observation is also consistent with the report by Rosenberg et al. (11) that

methylation was not detected in mouse CEACAM1 gene in colon carcinoma samples examined.
Instead, hypomethylation of mouse CEACAM1 gene was detected in one of three colon
carcinoma samples examined.

5.4.3.4. Transcriptional regulation of CEACAM1 gene expression in prostatic cancer cell lines

Since CEACAM1 down regulation seems to occur at the transcriptional level, we next

10
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examine how transcriptional regulation of CEACAM1 gene occurs in tumorigenesis. We have
previously isolated a genomic CEACAM1 gene (10). The promoter region of this gene (1.6 kb)
was cloned in front of a luciferase reporter gene and a series of transfection studies were
performed to localize the promoter sequence. Using promoter deletion analysis, the minimal
promoter is located between -194 and -147 bp 5’ of the CEACAM1 translation start site (10).

In order to compare promoter activities in the CEACAM1 positive and negative cell lines,
we transfected the CEACAM1 promoter-luciferase constructs into NbE and Mat-LyLu cells.
Since the tumor-specific regulatory elements may reside outside the minimal promoter, we
tested the activity of -1609 bp, -439 bp, -249 bp and -194 bp promoter constructs. The
transfection efficiencies were normalized against the Renilla luciferase activity from pTK-Ren, in
which the Renilla luciferase expression was driven by a thymidine kinase promoter. As shown in
Fig. 6, a similar pattern of promoter activity was observed in the four promoter constructs tested
in the Mat-LyLu cells as compared with the NbE cells. However, there is a significant decrease,
about 4-fold, in the overall CEACAM1 promoter activity in Mat-LyLu cells. These results
suggest that down-regulation of CEACAM1 in prostatic cancer cells may be due to altered
transcription factors that regulate CEACAM1 promoter activity and that one of the tumor-specific
promoter activities lies between -194 and -147 bp in the minimal CEACAM1 promoter region.
5.4.3.5. Binding of NbE and Mat-Lylu nuclear extract to CEACAM1 promoter

Because loss of transcriptional activator(s) or activation of transcriptional repressor(s)
could be one of the mechanisms responsible for CEACAM1 down-regulation in tumorigenesis,
gel shift assays were used to examine the binding of nuclear proteins from NbE or Mat-LyLu
cells to an oligonucleotide containing the minimum promoter sequence (nt -194 to -147, 194-
probe) of the CEACAM1 promoter. As shown in Fig. 7, three major bands (complex Il to 1V)
were detected in the NbE nuclear extract. The binding of complex lI-IV is specific as they can be
competed by excess of unlabeled 194probe. In contrast, four major bands (complex |-IV), which
can be specifically competed by excess of unlabeled 194probe, were detected in the Mat-LyLu
nuclear extract (Fig. 7). Because complex | is only present in the Mat-LyLu extract, we
investigated the possibility that the protein(s) present in complex | may be related to the
decreased CEACAM1 promoter activity in Mat-LyLu cells.

5.4.3.6. Involvement of Sp transcription factor family at the CEACAM1 promoter

Sequence analysis of 194-probe indicates that this region of CEACAM1 promoter is
highly GC-rich and it contains elements that match the consensus sequence for Sp1 binding site
(10). Thus, it is likely that these complexes contain Sp family of transcription factors. EMSA
supershift using antibody against the Sp1, Sp2, Sp3, and Sp4 was used to identify the protein(s)

11
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present in complex I-IV in Mat-LyLu cells. As shown in Fig. 8, complex |, which is present in
nuclear extracts from Mat-LyLu but not NbE cells, was shifted by anti-Sp2 antibody as judged by
the decrease of complex | intensity (lane 5). Complex Il was shifted by anti-Sp3 antibody. Anti-
Sp1 antibody generated a weak supershifted band, however, no significant decrease was
observed in any of the complexes, suggesting Sp1 might be a minor component in these
complexes. It is very likely Sp1 is associated with complex Il as it was reported that Sp1 and
Sp3 competed for the same binding sites in vivo (12). Since Sp2 appears to be the major protein
in complex |, it is a candidate transcription factor involved in the decreased CEACAM1 promoter
activity in Mat-LyLu cells.
5.4.3.7. Nuclear protein levels of Sp2 correlate with CEACAM1 down-regulation

Down-regulation of CEACAM1 in Mat-LyLu cells might be due to an increase in the
nuclear protein concentrations of Sp2 in Mat-LyLu (CEACAM1 low-expressing) as compared
with NbE (CEACAM-1 high-expressing) cells. Western blot analysis was performed on cell
extracts derived from Mat-LyLu or NbE cells using antibodies against Sp2. Protein levels of Sp2
was about 10-fold higher in Mat-LyLu cells than NbE cells (Fig. 9).

Immuno-localization of Sp2 showed that they are mainly localized in the nucleus of both
Mat-LyLu and NbE cells (Fig. 10). Consistent with western blot analysis, the amount of Sp2
protein is higher in the nucleus of Mat-LyLu cells compared with that of NbE cells by both
immunofluorescence and immunoperoxidase detection using DAB (Fig. 10). Thus, the relative
levels of Sp2 in Mat-LyLu versus NbE cells correlate with potential repressive functions of Sp2
in down-regulating the CEACAM1 promoter in these cells.
5.4.3.8. Sp2 binding sequence at the CEACAM1 promoter

Sp-family transcription factors were known to bind to G-rich elements such as the GC-
box and the related GT/CACCC-box (12). Sp2 was cloned because it binds in vitro to a GT-box
promoter element within the T-cell antigen receptor 0 gene (13). The 194 probe contains a GT-
box like sequence between nt-173 to -164 and thus, this GT-box like sequence may be the
potential Sp2 binding sequence. These nucleotides were mutated to generate a 194-mut probe
and used as a competitor in EMSA. Addition of 100-fold excess of the 194-mut probe blocked
complex lI-IV formation, but did not alter complex | formation (Fig. 8, lane 8). Because the 194-

mut probe cannot compete for Sp2 binding to complex |, this observation suggests that Sp2 may
bind to the GT-rich sequence between nt-173 to -164 in the CEACAM1 promoter.
5.4.3.9. Mutation of Sp2 binding site increases promoter activity

Because mutation of nt -174 to -164 of CEACAM1 promoter resulted in a loss of Sp2

binding, a -194plLuc reporter containing the Sp2 site mutation (-124mutplLuc) was used to

12
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determine if loss of Sp2 binding results in an increase in CEACAM1 promoter activity. The -
194mutpluc reporter construct was transfected into Mat-LyLu cells and its promoter activity
compared with that of wild type -194pLuc reporter construct. Mutation of the Sp2 binding site
reproducibly resulted in a 7 to 14-fold increase in CEACAM1 promoter activity in Mat-LyLu cells
compared to that of wild-type promoter (Fig. 11), suggesting that binding of Sp2 suppresses
CEACAM1 promoter activity in prostate cancer cells.
5.4.3.10. Inhibition of HDAC activity by TSA activates CEACAM1 promoter activity

Association with histone deacetylase (HDAC) contributes to the suppressive activity of
several transcription factors. To investigate whether the inhibitory effect of Sp2 on CEACAM1
promoter activity in Mat-LyLu cells was mediated by HDAC, the HDAC inhibitor trichostatin A
(TSA) was used to examine if it can relieve Sp2-mediated repression at the CEACAM1
promoter. Mat-LyLu cells were transfected with -194pLuc or -194mutpLuc and treated with or
without TSA. Treatment of cells with TSA resulted in about 19-fold increase of -194plLuc activity
while TSA did not have an effect on -194mutpLuc activity (Fig. 12). These results indicating
that Sp2 recruits HDAC to repress CEACAM1 transcription.
5.4.4. Discussion

We demonstrate that suppression of CEACAM1 transcription activity by Sp2 is one of
the mechanisms that down-regulate CEACAM?1 expression in prostate cancer and Sp2
represses CEACAM1 transcription through recruitment of HDAC. Decreased expression of
tumor suppressors is commonly observed in tumors. Although promoter silencing by
methylation has been demonstrated to be one of the mechanisms, only few tumor suppressors
were shown to be regulated by promoter methylation. Our study provides evidence that
increased expression of transcription suppressors in tumor cells constitute another mechanism
for the regulation of tumor suppressor expression in tumorigenesis. Although this mechanism
is only been demonstrated with CEACAMA1, it is likely to be applicable to other tumor
SUppressors.

(6) KEY RESEARCH ACCOMPLISHMENT

e Chromatin remodeling is involved in the regulation of CEACAM1 expression in
prostate tumorigenesis

s AP-2is one of the transcription activator for CEACAM1 gene expression

¢ The transcription factor Sp2 plays a role in the down-regulation of CEACAM1 gene in
prostate tumorigenesis

o Sp2 recruits histone deacetylase to down-regulate CEACAM1 gene expression

13
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(7) REPORTABLE OUTCOMES

1 _manuscript published: Phan, D., Sui, X., Luo, W., Najjar, S., Jenster, G., and Lin, S.-H.:
Androgen regulation of the Cell-Cell Adhesion Molecule-1 (CEACAM1) gene. Mol. Cell. Endo.,
184, 115-123 (2001).

1 manuscript to be submitted: Phan, D., Tunstead, J., Galfione, M., Luthra, R., Najjar, S. M.,
Yu-Lee, L.-Y., and Lin, S.-H.: Tumor Specific Regulation of CEACAM1 Gene Expression by Sp2
and Histone Deacetylase. submitted.

1 _abstract presented at 10th International Workshop of CEA family genes (Sept. 2-5,
1999): Phan, D., Jenster, G., Luo, W., Sui, X., Najjar, S., and Lin, S.-H.: Transcriptional
regulation of CEACAM1 gene by androgen receptor.

(8) CONCLUSIONS:

We propose to elucidate the mechanisms that regulate CEACAM1 gene expression in
prostate carcinogenesis. We have identified at least two transcription factors, i.e. AP-2 and
androgen receptor, that are involved in the up-regulation of CEACAM1 gene expression and
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Fig. 1. Chromatin remodeling at the CEACAM]1
Promoter. (A) Our hypothesis is that more
acetylated (Ac) histones are associated with the
CEACAMI promoter in normal prostate epithelial
cells, and deacetylation of the histones associated
with CEACAMI! promoter may occur during
prostate  tumorigenesis and give rise to
transcriptional down regulation of the CEACAM1
gene. The chromatin immunoprecipitation (ChIP)
assay will be used to test this hypothesis. Acetylated
(Ac) histone in chromatin can be cross-linked to the
associated DNA in vivo. The DNAs are sonicated to
reduce fragments to 200 to 1000 bp. Following
immunoprecipitation of the DNA/histone fragments
with anti-acetylated Histone 4 Ab (Y), the associated
DNA can be analyzed by PCR.

(B) PCR of DNA fragments immunoprecipitated
by anti-acetylated Histone 4 antibodies.

Fig. 2. Regulation of the CEACAM1
expression by AP-2. A series of reporter
plasmids containing CEACAMI1 promoter
fragments with different 5' deletions were co-
transfected with mammalian expression
vector containing the AP-2 gene into Mat-
LyLu cells. Luciferase activities of these cell
lysates were determined and reported as
averages + S. D. in relative light units from
triplicate transfections.
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Fig. 3. Western immunoblot analysis of
CEACAM1 expression in Dunning rat
prostate cancer cell lines. The levels of
CEACAMI protein expression in Dunning rat
prostate cancer cell lines (AT2, AT3.1, and Mat-Ly-
Lu (MLL)) were examined by western immunoblot
analysis using antibodies against CEACAM1. A
normal prostate cell line NbE, derived from ventral
prostate of Noble rat, was used as a control. A
significant decrease in CEACAMI protein levels
occurred at the transition from normal to carcinoma
(i.e., AT2, and AT3.1), followed with further
reduction in CEACAM I protein level in the metastatic
subline MLL. Inthe MLL cell line, the CEACAMI1

Lin, Sue-Hwa

expression level is about 4%, compared with that of
normal control cells.
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Fig. 4. Restriction digest profile of the plasmids isolated from cells selected from FACS. The
original prostate cDNA library contained DNA inserts of various sizes and appeared as a smear (total DNA).
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Fig. 5. Absence of CEACAMI1 messages
in prostate cancer cell lines. To
distinguish whether decrease in
CEACAMI1 protein expression is due to
transcriptional or post-transcriptional
events, the levels of CEACAMI1 messages
in the NbE, AT2, AT3.1, and Mat-LyLu
cell lines were tested by RNase protection
using a probe generated from the full-
length CEACAMI1. Northern blot analyses
showed that the three prostate cancer cell
lines contain only detectable amounts of
CEACAMI1 message while RNA from
NbE cells, which was previously shown to
express CEACAM]1, showed strong signal
of CEACAMI message.
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Fig. 6. Decreased CEACAM1 promoter activity in low CEACAMI1 expressing cells. The
CEACAMI1 promoter-luciferase constructs were transfected into NbE (CEACAMI positive) and
Mat-LyLu (CEACAMI1 negative) cells. We tested the activity of a series ofvarious length of
CEACAM]1 promoters. CEACAMI promoter (-1609 bp) cloned in reverse orientation, -
1609RevpLuc, was used as a reference. The transfection efficiencies were normalized against the
luciferase activity from pTK-Renilla, in which Renilla expression was driven by a thymidine
kinase promoter. Decreases in transcriptional activity were observed in Mat-LyLu prostatic cancer

cell line as compared to the NbE cells.
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Fig. 7. Electromobility Shift
Assay. Oligonucleotides
having sequences
corresponding to the region
between -194 to -147 bp of the
CEACAM]1 promoter were
synthesized and used as probe
(194 probe). Nuclear extracts
from the NbE or Mat-LyLu
were used. Four protein-DNA
complexes are indicated by
arrows.

Fig. 8. Evidence that complex I
contains transcription factor
Sp2. Gel shift analysis using 194
probe was performed in the
absence or presence of antibodies
against Sp1, Sp2, Sp3 or Sp4.
Complex I was shifted by anti-
Sp2 antibody as judged by the
decrease of complex I intensity
(lane 5). Complex 1T was shifted
by anti-Sp3 antibody. Anti-Spl
antibody generated a weak
supershifted band, however, no
significant decrease was
observed in any of the
complexes, suggesting Spl might
be a minor component in these
complexes.
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NbE MLL

Fig. 9. Differential expression of Sp2 in
normal versus cancer cells. Cell lysates
(20 ug) prepared from NbE or Mat-LyLu
cells were boiled in SDS sample buffer
and the proteins were separated by SDS-
PAGE. The proteins were transferred
onto nitrocellulose membrane and blotted
with anti-Sp2 antibodies.

Fig. 10. Nuclear localization of Sp2. Mat-LyLu or NbE cells grown on coverslips were fixed
by formaldehyde and immunostained with antibody against Sp2. The Sp2 protein was detected
by diaminobezidine.
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Fig. 11. Mutation of Sp2 binding
site increases CEACAM1
promoter activity. Mat-LyLu cells
were transfected with luciferase
reporter plasmids containing wild-
type -194 CEACAM1 promoter (p-
194Luc) or -194 promoter with
mutation of Sp2 binding site (p-
194mutLuc). Fold induction of
luciferase activity was calculated
relative to that of p-194Luc.
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Fig. 12. Effect of trichostatin on
CEACAMI1 promoter activity.
Mat-LyLu cells were transfected

with p-194Luc or p-194mutLuc in 2 -
the presence or absence of 1 uM [ wioTSA
trichostatin (TSA). Fold induction of £ W wTsA
luciferase activity was calculated g
relative to that of p-194Luc in the 2
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Abstract

Previous studies have established that the cell-cell adhesion molecule-1 {CEACAMI, previously known as C-CAM]1) functions
as & tumor suppressor in prostate cancer and is involved in the regulation of prostate growth and differentiation. However, the
molecular mechanism that modulates CEACAMI expression in the prostate is not well defined. Since the growth of prostate
epithelial cells is androgen-regulated, we investigated the effects of androgen and the androgen receptor {AR) on CEACAMI
expression. Transient transfection experiments showed that the AR can enhance the CegcamI promoter activity in a ligand-depen-
dent manner and that the regulatory element resides within a relatively short (—249 to — 194 bp) segment of the 5'-flanking
region of the Ceacaml gene. This androgen regulation is likely through direct AR-promoter binding because a mutant AR
defective in DNA binding failed to upregulate reporter gene expression. Furthermore, electrophoretic mobility shift assays
demonstrated that the AR specifically binds to this sequence, and mutation analysis of the potential ARE sequences revealed a
region within the sequence that was required for the AR to activate the Ceacam] gene. Therefore, the regulation of Ceacam] gene

expression by androgen may be one of the mechanisms by which androgen regulates prostatic function. © 2001 Elsevier Science
Ireland Ltd. All rights reserved.

Keywords: CEACAMI; Cell adhesion molecule; Androgen receptor; Tumor suppressor; Prostate

1999), suggesting that this molecule may play an impor-
tant role in prostate tumorigenesis. Consistent with this

The cell-cell adhesion molecule-1 (C-CAM1), re- hypothesis, expression of CEACAMI in prostate can-
cently renamed CEACAMI1 (Beauchemin et al., 1999), cer cells can suppress their tumorigenicity in vivo (Estr-
is a member of the immunoglobulin supergene family era et al, 1999.; Hsieh et al., 1995; Luo et al, 19.99)'
(Lin and Guidotti, 1989; Lin et al., 1991). CEACAMI These observations suggest that CEACAM]1 functions
is mainly expressed in epithelial cells of many different as’?h?mzsfzti p};zss: tﬁgz;gf d‘;:zedint organ, as
tissues, including the prostate {Odin et al., 1988). Loss an drcgei is the major regulator of prostate dev ef‘t op-
of CEACAMI expression is an early event in prostate

) . ment, growth, and secretory function. Induction of
cancer progression (Kleinerman et al., 1995; Pu et al, prostate involution using androgen ablation is one of

the most effective treatments of late-stage prostate can-

1. Infroduction

* Corresponding author. Tel.: + 1-713-794-1559; fax: + 1-713-794-
4672.
E-mail address: slin@notes.mdacc.tme.edu (8.-H. Lin).

cer. Since CEACAMI is a tumor suppressor in prostate
cancer, it is important to know whether expression of
CEACAMI in the prostate is regulated by androgen.

0303-7207/61/$ - see front matter © 2001 Elsevier Science Ireland Ltd. All rights reserved.
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The rat Ceacaml promoter belongs to the GC-rich
class of TATA-less promoters (Najjar et al., 1996).
Deletion and substitution analyses have revealed that
the three proximal Spl binding sites are essential for
basal transcription of the Ceacaml gene. In addition,
Najjar et al. (1996) have shown that CeacamI promoter
activity is stimulated 2-3-fold by insulin, dexam-
ethasone, and cyclic adenosine monophosphate treat-
ment. However, the effect of androgen on Ceacaml
promoter activity has not been examined. Therefore, in
this study, we examined whether the androgen receptor
(AR) regulates Ceacam! promoter activity.

2. Materials and methods
2.1. Plasmid constructions

The 5-flanking region of the rat Ceacaml gene was
cloned as described previously (Najjar et al., 1996).
Nucleotides were numbered relative to + 1 at the ATG
translation initiation codon and labeled as negative
numbers to reflect their position upstream (5" of the
ATG site. Using polymerase chain reaction (PCR), 5
deletion products {(— 1609, —439, 249, — 194,
— 147, — 131, — 124 and — 112 bp) of the Ceacaml
gene were synthesized and subcloned at the Xhol and
HindI1l sites of the pGL3-BASIC plasmid (Promega,
Madison, WI) (Najjar et al., 1996).

The mutants — 249pLucARE-1Mut and — 249pLuc-
ARE-2Mut were generated by site-directed mutagenesis
of the — 249pLuc vector using PCR. Oligo # 305 (rev-
erse primer; AAGCTTTTCTCTTGGGGAAGA) and
oligo # 306 (forward primer; CTCGAGATGTTCTA-
GAACAATGAACCGAAAAGAGATCCCGCGAA-
GGATGGGAGGACAGCA) were used as primers to
introduce substitutions into the ARE-! region, while
oligo # 307 (forward primer; GCTAGCCCGGGCTC-
GAGAGTCGACAGAACAATGAACCGAAAA) and
oligo # 305 were used to introduce substitutions into
the ARE-2 region; the sequences that were changed
from the wild type are underlined. After these PCR
products were sequenced to confirm the mutations, they
were subcloned at the Xhol and HindlIll sites of the
pGL3-BASIC plasmid. The construction of the reporter
plasmid harboring two androgen response elements and
a TATA box driving the luciferase gene (p[ARE]2-E1b-
fuc) has been described previously (Jenster et al., 1997).

The human AR c¢DNA expression vector {pAR,} was
constructed using the simian virus 40 (SV40) early
promoter and the rabbit B-globin polyadenylation sig-
nal as described previously (Brinkmann et al,, 1989).
The AR mutant expression vector pAR64, in which the
first zinc finger in the AR was disrupted by the replace-
ment of two cysteines with serine and phenylalanine,
was constructed as described by Jenster et al. (1993).

Additionally, the superactive AR expression vector
pcDNA-AR p65 was constructed by inserting the
Asp718-(filled in with the Klenow fragment) and Sacll
digested fragment of pcDNA-AR, ;,-p65 into the Hpal
and Sacll digested pcDNA-AR mcs vector (Sui et al.,
1999). This resulted in the generation of a fusion
protein containing the wild-type AR fused with the
transactivation domain of p65/RelA.

2.2. Culture and transfection of Hela cells

Hela human cervical carcinoma cells (American
Type Culture Collection, Manassas, VA) were main-
tained in minimal essential medium supplemented with
10% (v/v) fetal calf serum (FCS). These cells (50000)
were plated in a 12-well plate with 10% (v/v) charcoal-
stripped FCS 24 h before transfection. The cells were
transfected with 0.3 ug of both luciferase reporter plas-
mid containing a Ceacam] promoter fragment and a
receptor plasmid containing either wild-type (pAR,) or
modified AR (pAR64 or pcDNA-ARp65) per well
using Lipofectin {Life Technologies, Inc., Grand Island,
NY) according to the manufacturer’s guidelines. About
24 h after transfection, the cells were washed and fed
with medium containing charcoal stripped serum with
or without R1881 (17x-methyltrienolone; NEN Life
Science Products, Boston, MA), and the incubations
were continued for an additional 24 h. The cells were
then lysed in 200 ul lysis buffer, and the luciferase
activity was measured using a luciferase assay system
{Promega). The experiments were performed in
triplicate.

2.3. Electrophoretic mobility shift assay (EMSA)

EMSA was carried out using a bandshift assay sys-
tem {Promega). Oligonucleotides having sequences cor-
responding to the region between — 194 to — 249 bp of
the Ceacaml promoter were synthesized by Genosys
(Houston, TX) and used as probe. In addition, oligonu-
cleotides containing the AR consensus sequence were
purchased from Santa Cruz Biotechnology (Santa Cruz,
CA) and used as competitors. The plasmid pRSET-
GST-AR,,, containing a sequence from the AR DNA
binding domain fused to GST was constructed by
inserting 0.3 kb of the Klenow-treated Rsrll/Xbal di-
gested ARDBD fragment from AR126 (Jenster et al,,
1995) into the Klenow-treated Neol/Hindlll digested
pRSET-GST-SRC782-1139 vector (Spencer et al,
1997). The GST-fusion protein containing the AR
DNA binding domain (GST-ARpyp) was expressed
and purified from Escherichia coli BL21(ADE3), and
100 ng of GST-ARyyp, protein was used for EMSA.
Purified GST protein was used as a negative control.




2.4. Statistic analysis

Student’s 7-test was used to examine R1881 effects on
different types of mutation. We chose the ratio of
promoter activities in the presence and absence of
R1881 as a dependent variable to avoid variation in
basal activity between different experiments,

3. Results

3.1. Localization of an androgen-responsive region in
the Ceacaml promoter

To examine the effect of AR on Ceacaml promoter
activity, we first tested cell lines that express AR.
Although LNCaP cells, which were isolated from the
lymph node metastasis of a prostate cancer patient
(Horoszewicz et al., 1983), were shown to express AR,
the transfection efficiency in this cell line was very low
(data not shown). Another prostatic cell line that ex-
press AR is NbE cell. NbE cell is a cell line derived
from the ventral prostate of Noble rat and is shown to
express AR (Chung et al,, 1989). We found that the
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reporter plasmid containing two androgen response
elements (p[ARE]-Elb-luc) could not respond to
R1881 stimulation when transfected into the NbE cells
{data not shown). However, this reporter was activated
90-340-folds by R1881 when it was co-transfected with
a wild type AR plasmid in the NbE cells (data not
shown). This observation suggested that the AR in
NbE cells was not functional. The reason for AR
dysfunction in NbE cells is not known. Previous studies
by Jenster et al. {1995) and Sui et al. {1999) have shown
that Hel.a cells co-transfected with AR and promoter
constructs were suitable for AR related studies. As a
result, we chose to use Hela cells co-transfected with

AR for this study.

Ceacaml promoters with different lengths that were
constructed by 5 deletion were cloned in front of the
luciferase gene in the reporter plasmid. Each of these
plasmids was transiently cotransfected with the AR
expression vector pAR, into Hela cells; the reporter
plasmid containing two androgen response elements
and a TATA box derived from the Elb gene (p]JARE]2-
Elb-luc) was used as a positive control. In the absence
of the androgen analogue R1881, the 1609 bp Ceacam1
promoter mediated a 106-fold increase in reporter gene

-1609Rev.pLuc 4
-1609pLuc
439pLuc

-249pLuc

~194pLuc
-147pLuc
~131pLuc
-124pLuc
-112pLuc

p{ARE] 2-E1b-Luc

- -R1881
. +R1881

} p<0.001

400 800

Relative light units

Fig. 1. Regulation of CEACAMI expression by androgen. A series of reporter plasmids containing Ceacam! promoter fragments having different
¥ deletions were cotransfected with a wild-type AR plasmid (pAR,) into HeLa cells. About 24 h after transfection, the cells were incubated with
{+) or without (—) I nM R1881. The luciferase activity of these cell lysates was determined as described in Section 2. This experiment was
repeated eight times with triplicate transfections for each construct and similar results were obtained. Results from one of these experiments were
shown and the luciferase activities were reported as the average + $.D. in relative light units of triplicate transfections. Statistic analysis was used
to determine whether there was difference between the R1881 treated and untreated groups. Only — 249pLuc construct showed statistically
significant difference and the P value for — 249pLuc is shown.
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Fig. 2. Effect of an AR mutation on its ability to activate the Ceacam! promoter. Cells were transfected with the — 249pLuc Cegcaml] promoter
together with a wild-type AR (pARy) or mutant AR (pAR64) plasmid, respectively. The data are presented as the mean +S.E. of three
independent experiments. Statistic analysis was used to determine whether there was difference between the R1881 treated and untreated groups.

The P values for each group are shown.

expression as compared with the reverse-oriented Cea-
caml promoter fragment (Fig. 1). Deletion of the re-
gion between nt — 1609 and —439 induced a slight
increase in the basal promoter activity (Fig. 1), suggest-
ing that this region may contain potential down-regula-
tors. Deletion of the Ceacam! promoter up to — 194
bp did not abolish its ability to induce luciferase expres-
sion, while deletion up to — 147 bp markedly reduced
its promoter activity. This result suggested that a mini-
mal promoter is located within the first 194 bp 5 from
Ceacami’s translation start site. We next investigated
whether androgen had an effect on the Ceacam! pro-
moter. As shown in Fig. 1, the plasmid containing the
Ceacaml promoter region from —249 to —21 bp
exhibited a 2.5-fold increase in luciferase activity upon
the addition of the androgen analogue R1881. In con-
trast, no significant hormone response was observed
with plasmids containing the entire 1609, 439, or 194 bp
segment proximal to the translation start site. These
observations suggested that the region from —249 to
— 194 bp in the Ceacaml gene may contain an andro-
gen-regulated sequence.

3.2. Direct binding of the AR to the promoter sequence

The AR is a 110-112 kDa protein containing tran-
scriptional activation domains in its N-terminal region,
a centrally located DNA binding domain, and the
ligand binding domain at its C-terminus (Jenster et al.,
1991). To test whether activation of the Ceacam! pro-
moter by androgen is due to direct interaction between
it and the AR, we investigated the effect of a mutant
AR, AR64, which is defective in DNA binding (Jenster

et al., 1993), on Ceacam! promoter activity. In contrast
to the wild-type AR, AR64, when cotransfected with
—249pLuc into Hela cells, did not show sigaificant
hormone induction {Fig. 2). Similarly, p[ARE]2-Elb-
Luc lost its response to R1881 stimulation. These re-
sults suggest that activation of the Ceacaml promoter
by the wild-type AR requires its DNA binding domain;
thus, AR may bind directly to Ceacaml promoter.

In addition, EMSA was used to determine whether
the AR can bind to the promoter sequence. A double-
stranded oligonucleotide containing the promoter se-
gquence from — 249 to — 194 bp was used in the assay.
Fig. 3 shows that the AR DNA binding domain can
bind to the oligonucleotide {—249 to — 194 bp) and
that the binding can be specifically competed by the
unlabeled corresponding oligonucleotide duplexes, as
well as an unlabeled oligonucleotide containing the AR
consensus sequence {Roche et al., 1992). This observa-
tion suggested that the AR binds specifically to the
Ceacam! promoter sequence.

3.3. Hentification of AR-interacting sites

Using a DNA binding site-selection assay, Roche et
al. (1992) determined a consensus AR DNA binding
site for the AR. Two regions in the Ceacam! promoter,
located at —215to —220 bp and —243 to — 248 bp,
respectively, showed homology to the consensus half-
site sequence and could be responsible for androgen
induction of the — 249pLuc reporter activity (Fig. 4).
These two potential AR binding sites {(ARE-1 and
ARE-2) were mutated to see if they are indeed involved
in androgen regulation. The effect of mutating ARE-1
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or ARE-2 on the promoter activity was examined.
Mutations of ARE-1 did not cause a significant change
in the Ceacaml promoter’s response to R1881, while
mutation of ARE-2 completely abolished the response
(Fig. 4). In addition, mutating both ARE-1 and ARE-2
had a similar effect to that of mutating ARE-2 alone.
These observations suggested that only ARE-2 is in-
volved in the androgen regulation of Ceacaml pro-
moter activity.

A mutational analysis of potential ARE sites was
also performed using a superactive AR containing the
AR fused with the transactivation domain of p65/RelA
(Schmitz and Baeuerle, 1991). As part of the AR p65
fusion protein, the p65 activation domain can recruit
additional coactivators and proteins of the preinitiation
complex resulting in amplification of AR-mediated
transcriptional signals. As shown in Fig. 5A, the — 249
bp Ceacaml promoter activity showed a 5-6-fold in-
crease in response to R1881 stimulation with the super-
active AR in contrast to a 2—3-fold increase in response

C-CAM]1 (-249 to-1%4 bp) Probe

Lane 1 2 3 4 5§

GST - + - - -

GST-ARpp, - - + + +

50x (-24%to - 1M bp) competitor - - - + -
50x AR consensus competitor - - - - +

AR-DBD =

Fig. 3. EMSA, which was carried out using purified GST-ARgp, and
the labeled double-stranded oligonucleotide probe containing a se-
quence from — 249 10 — 194 bp of the Ceacaml] promoter. Lane 1,
without protein; lane 2, with GST protein; lane 3, with GST-AR 55
lane 4, with GST-AR 5, and a 50-fold molar excess of the unlabeled
probe; lane 5, with GST-ARyy, and a 50-fold molar excess of a
double-stranded oligonucleotide containing the AR consensus se-
quence (Roche et al, 1992},

to R1881 stimulation with the wild-type AR. Such an
enhancement of reporter activity was used to further
confirm the mutational analysis. In the presence of the
superactive AR, mutation of ARE-] resulted in a 4-fold
increase in luciferase activity in response to R1881. As
observed with wild-type AR, R1881 treatment did not
increase the promoter activity of the ARE-2 mutant or
combined ARE-1/ARE-2 mutant. These observations
further confirmed that the AR only requires ARE-2 to
stimulate Ceacaml promoter activity.

4, Discussion

Androgen is the most important factor that regulates
prostate growth and differentiation. A series of genes
that have functions related to cell-growth modulation
have been shown to be regulated by androgen in
prostate cells. It was shown that androgen can directly
or indirectly upregulate growth factors such as epider-
mal growth factor (Hiramatsu et al., 1988; Nishi et al.,
1996), keratinocyte growth factor (Fasciana et al., 1996;
Peehl and Rubin, 1995; Rubin et al., 1995; Yan et al,,
1992), and basic fibroblast growth factor (Katz et al.,
1989; Zuck et al., 1992), leading to epitheliai-cell prolif-
eration. In addition, transforming growth factor §,
which has been linked to programmed cell death, is
induced upon androgen withdrawal (Kyprianou et al.,,
1990). Regulation of growth hormones and apoptotic
factors may contribute to the growth of the prostate.
On the other hand, androgen upregulation of insulin-
like growth factor binding proteins (IGFBP) could
make the potent prostate mitogens IGF-I and IGF-II
unavailable for growth induction (Gregory et al., 1999).
Cell-cycle regulatory proteins such as cdk2, cdk4, cyclin
D3, cyclin A, p21CIP1/WAF-1, p27kipl, and pl6 were
also found to be regulated by androgen (Gregory et al.,
1998; Knudsen et al., 1998; Kokontis et al., 1998; Lu et
al, 1999, 1997). These diverse androgen-regulated
events result in the maintenance of prostate homeosta-
sis; disruption of these intricately balanced events may
lead to prostate cancer initiation and progression.

In the present study, we showed that Ceacaml, a
tumor suppressor gene, can, under defined circum-
stances and/or in a specific cellular context, be regu-
lated by androgen. Specifically, androgen could
up-regulate CEACAMI1 expression in a ligand-depen-
dent manner when tested in vitro. This androgen regu-
iation is controlled by only one of the two half-sites of
the AR consensus sequence (Roche et al, 1992). A
similar event was also observed by Dai and Burnstein
(1996), who showed that the presence of one half-site of
the AR consensus sequence is sufficient to upregulate
the promoter of the AR gene by the AR. This half-site
interaction may not provide as strong an activity as
that provided by the full consensus sequence in the
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Fig. 4. Mutation analysis of the putative AREs in the Ceacam! promoter. The nucleotide sequence from — 249 to — 194 bp in the rat Ceacam!
promoter is shown. Two half-sites of putative androgen-responsive elements (ARE-1 and ARE-2) are underlined; the mutated sequence of the two
elements is shown. Cells were transfected with reporter plasmids containing the — 249 bp promoters, whose putative ARE-1 or ARE-2 sequence
was mutated as described in Section 2. The luciferase activity is presented as a percent of that of the corresponding plasmid containing no
mutation and without R1881 treatment. The data are presented as the mean + 8.E. of three independent experiments. Statistic analysis was used
to determine whether there was difference between the R188!1 treated and untreated groups. The P values for each group are shown.

probasin promoter {Kasper et al.,, 1994) and PSA pro-
moter {Zhang et al., 1997). In addition, the longer
Ceacaml promoter, ie. the 439-bp segment, did not
show ligand-dependent regulation by androgen, sug-
gesting that other regulatory mechanisms may be
present upstream of the promoter region and may
influence the interaction of the AR with the Ceacam!
proximal promoter region. Thus, the regulation of
CEACAMI expression by the AR is complex and may
depend on its cellular context. In this regard, it is
interesting to note that in the rat, CEACAMI is mainly
expressed in the dorsal lobe but not the ventral lobe of
the prostate, although the AR is expressed in both
prostate lobes (Makarovskiy et al., 1999). In addition,
using castration-induced prostate involution followed
by administration of androgen, we have previously
shown that expression of CEACAM] in the rat ventral
prostate was negatively regulated by androgen in vivo,
while its expression in the dorsal prostate showed no
response to androgen manipulation in vivo (Hsieh and
Lin, 1994; Makarovskiy et al, 1999). In the mouse
prostate, on the other hand, increased CEACAMI ex-
pression was detected in the dorsal prostate lobe fol-
lowing castration (Pu et al., 1999). In the present study,
we found that androgen could up-regulated CEA-
CAMI1 expression in a ligand-dependent manner, al-
though up-regulation of CEACAMI1 expression by
androgen was observed only with a relatively short
promoter (bp — 294 to — 197). Together, these obser-

vations suggest that the regulation of CEACAMI ex-
pression by androgen in vivo is a complex process.
Although the AR has a positive effect on the proximal
region of the Ceacaml promoter, it may have a nega-
tive effect on the other region of the Ceacaml pro-
moter. AR regulation of CEACAMI expression is,
therefore, influenced by the celiular context and possi-
bly the stromal components of the prostate. The inter-
actions between prostatic epithelial and stromal
components have been shown to contribute to andro-
gen-dependent regulation of prostate growth and differ-
entiation (Chung, 1995; Cunha et al.,, 1987). As a resulf,
although direct interactions between AR and Ceacam!
promoter may contribute to androgen regulation of
CEACAMI1 expression, other factors including signals
from stromal-epithelial interactions may also influence
CEACAM]1 expression in vivo.

Primary prostate cancers are largely dependent on
androgens for growth and survival. Therefore, the dis-
ease responds favorably to androgen ablation and an-
tiandrogen therapy in most patients. However, virtually
all patients will relapse with clinically defined androgen-
independent cancer. Previously, the role of CEACAMI
in androgen-dependent and androgen-independent
prostate cancer was studied by examining the patterns
of CEACAM1 expression during prostate cancer initia-
tion, progression, and metastasis in the transgenic ade-
nocarcinoma of mouse prostate (TRAMP) model,
which was generated by using the rat probasin pro-




moter to target the SV40 large T antigen specifically to
the mouse prostate (Greenberg et al., 1995). In the
TRAMP mice, immunohistochemical staining using
polyclonal antibody Ab669 against CEACAMI re-
vealed that the CEACAMI protein was expressed in
normal prostate epithelia, as well as low-grade prostate
intraepithelial neoplasia (PIN); the expression was uni-
form on the luminal surfaces of these epithelia. CEA-
CAMI1 expression was noticeably reduced and the
staining pattern was heterogeneous in some cases of
high-grade PIN, and CEACAM 1 staining was generally
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absent from prostate cancer and metastatic lymph
nodes. Androgen-independent prostate cancer and its
metastases generated in castrated TRAMP mice were
also CEACAMI negative {Pu et al., 1999). Since loss of
CEACAM]1 expression occurred before the develop-
ment of androgen-independent tumors, it is likely that
the AR regulation of CEACAMI expression is not
related to the loss of CEACAMI during prostate can-
cer progression,

Other factors that have been shown to have an effect
on the Ceacam! promoter include the upstream stimu-
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Fig. 5. Activation of Ceacaml promoter activity by a superactive AR (AR,p65). (A) The Ceacam] promoter transcription activity was examined
using cotransfection of the Ceacam ] promoter reporter construct { — 249pLuc) and the wild-type or superactive AR expression plasmid (pARp65)
into HeLa cells. The luciferase activity was determined from cell lysates of transfected cells as described in Section 2. This experiment was repeated
six times with triplicate transfections for each construct and similar results were obtained. Results from one of these experiments were shown and
the luciferase activities were reported as the average + S.DD. in relative light units of triplicate transfections. (B} Effect of superactive AR on mutant
Ceacaml] promoter transcription activity. The luciferase activity is presented as a percent of the luciferase activity without R1881 treatment. The
data are presented as the mean + S.E. of three independent experiments. Statistic analysis were performed as described in Section 2 to compare
the R1881-treated and untreated groups for each construct, and the P values for each group are shown.
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latory factor and hepatocyte nuclear factor-4 (Hauck et
al., 1994). Also, Chen et al. {1996) showed that treat-
ment of HT-29 cells with interferon-y (IFN-y) upregu-
lated CEACAM]! expression. This was due to the
ability of IFN-v to upregulate the expression of IRF-1,
which, by binding to the interferon stimulated response
element located in the human Ceacam I promoter, acti-
vated Ceacaml transcription. Thus, the regulation of
CEACAM]1 expression is a combination of different
transcriptional factors, one of which is the AR.
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Abstract

Downregulation of CEACAM1 tumor suppressor gene expression is a common event in
several malignancies including prostate, colon and breast cancer. The mechanism that leads to
CEACAM1 down-regulation in tumorigenesis is not known. We found that down-regulation of
CEACAM1 expression in prostate tumors is mainly due to transcriptional down-regulation of
CEACAM1 gene. In addition, we provide evidence that down-regulation of CEACAM1 gene is
mediated by Sp2, which is highly expressed in prostate cancer celis. inhibitors of histone
deacetylase dramatically potentiate CEACAM1 expression in prostate cancer cell lines
suggesting that Sp2 inhibits CEACAM1 gene expression through recruitment of histone
deacetylase. Thus, loss of CEACAM1 tumor suppressor gene expression in prostate cancer is

due to aberrant chromatin acetylation.




Introduction

Lost of tumor suppressor is one of the major mechanisms that lead to tumor formation.
Although tumor suppressors were originally identified as genes whose deletions or mutations
caused tumor, down-regulation of proteins is a more general phenomenon in tumorigenesis (1).
Sager et al. (1) thus defined the former as type | and the later as type Il tumor suppressors. The

type Il tumor suppressor constitutes the major group of genes whose loss of expression resuited

in tumorigenesis.

CEACAM1 is a 105 kDa glycoprotein originally identified as a protein that mediated
intercellular adhesion (2). Down-regulation of CEACAM1 was observed in many tumor types
including prostate (3, 4), colon (5-7), endometrin (8), breast (9, 10), and hepatocellular (11)
carcinomas suggesting that CEACAM1 may have an important role in the maintenance of normal
epithelial phenotype. In experimental tumor models, reduced expression of CEACAM1 in NbE
cells, generated from normal rat prostate, promotes tumorigenicity (12) and re-expression of
CEACAM1 in prostate cancer cells suppressed their tumorigenicity in vivo (12). Suppression of
tumorigenicity by CEACAM1 was also observed with breast (13), bladder (14), and colon
carcinoma (15). In addition, the human (16}, rat {12}, and mouse homologues of CEACAM1 (15)
were all shown to have tumor-suppressive activity. These results support the role of CEACAM1

as a tumor suppressor.

Inhibition of fumor angiogenesis may be involved in CEACAM1-mediated tumor
suppression. Volpert et al. (17) showed that conditioned medium from CEACAM1-expressing
cells inhibited endothelial cell migration in vitro and corneal angiogenesis in vivo. This effect is
specific to endothelial cells and not to epithelial cells (17). Thus, it is likely that expression of

CEACAM1 in tumor cells induces the production of an inhibitory factor or factors that affect

tumor angiogenesis, leading to suppression of the tumor growth in vivo. These observations




suggest that CEACAM1 plays a critical role in pathways that regulate the progression of

prostate cancer.

The mechanism by which CEACAM1 is lost during tumorigenesis is not clear. Allelic loss
of CEACAM1 gene, localized at chromosome 19 (18, 19) and 7 (20) in human and mouse,
respectively, has not been reported for either prostate or colon cancer. Although extensive
analysis on human prostate cancer specimen has not been performed, studies by Rosenberg et
al., (21) using tissues or cell lines of mouse colon carcinoma showed that neither chromosomal
rearrangements nor gene deletions occurred close to the CEACAM1 genes. Thus, it is likely that

down-regulation instead of irreversible loss of CEACAM1 expression in vivo is the major cause

of tumorigenesis.

In this study, we identify the mechanism of loss of CEACAM1 expression in prostate
cancer. We found that down-regulation of CEACAM1 expression in prostate tumors is mainly
due to transcriptional down-regutation of CEACAM1 gene. in addition, we provide evidence that
down-regulation of CEACAM1 gene is mediated by Sp2, which is highly expressed in prostate
cancer cells, and Sp2 recruits histone deacetylase to repress transcription of CEACAM1 gene.
Thus, loss of CEACAM1 tumor suppressor gene expression in prostate cancer is due to

aberrant chromatin acetyiation.

Experimental Procedures

Western and Northern Blot Analyses

For Western analysis, the cells were trypsinized into a single-cell suspension and lysed in
modified RIPA buffer (150 mM NaCl, 50 mM Tris (pH 7.4), 1% NP-40, 0.5% deoxycholate, 1 mM

PMSF, 1 mM sodium vanadate, protease inhibitor tablet (Roche)). The protein concentrations of

the cell lysates were determined by Coomassie Blue Plus (Pierce Chem. Comp. Rockford,
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llinois). Equal amounts of protein from each lysate were boiled in SDS sample buffer, and
Western blot analysis was performed as described previously (22) with anti-CEACAM antibody
Ab66S. For northern analysis, total cellular RNA was extracted from cells by using RNAzolB
(Biotecx Laboratories, Inc., Houston, TX) according to manufacturer's instructions. Twenty ug of
RNA was subjected to northern blot analysis by electrophoresis on a 1% agarose gel containing

0.02% formaldehyde as described (23), and the blot was hybridized with a CEACAM1 cDNA
probe (24).

CEACAM1 Promoter Plasmid Construction

The 5'-flanking region of rat CEACAM1 gene was cloned as previously described (25).
Using PCR, &' deletion products (-1609bp, -439bp, -249bp, -194bp) of the CEACAM1 gene
were synthesized and subcloned at the Xhol and Hindlll sites of pGL3-BASIC plasmid (25).
The mutant p-194mutluc was generated by site-directed mutagenesis of the p-194Luc vector
using PCR. Oligo 309 {forward primer; 5
CTCGAGTGAGAGAACAGCATTGTCAGAAATTACTTTACCACCCCCCAGCCCA 3') and Oligo
304 (reverse primer; 5' AAGCTTCTTCTCTTGGGGAAGAGAT 3') were used as primers to
introduce substitutions into the putative Sp2 binding region. The sequences that were changed
from the wild type are underlined. The PCR product was subcloned intoc TOPO-PCR2.1 vector
{invitrogen, Carisbad, California) and sequenced to confirm the mutations. The PCR product
was subcloned at the Xho! and Hindlil sites of the pGL-BASIC plasmid to generate plasmid p-
184mutLuc,

Transfection of NbE and Mat-Lviu celis

NbE cells (26) were maintained in DMEM medium supplemented with 10% fetal calf

serum. Mat-LyLu cells (27) were cultured similarly except that 250 nM dexamethason was

included in the medium. These cells (50,000) were plated in a 12-well plate 24 h before
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transfection. The cells were transfected with 0.3 ug of plasmid per well using Lipofectamine
(Life Technologies, Inc., Grand Island, NY) according to the manufacturer's guidelines. Twenty-
four hours after transfection, the cells were lysed in 200 ul lysis buffer and the luciferase activity
was measured using a luciferase assay system (Promega, Madison, Wisconsin). For the
experiments in which cells that were treated with TSA, TSA (1 ug/ml) was added to the medium
five hours after the cells were transfected with plasmid. The cells were incubated with TSA for

24 hr and luciferase activity was determined. All experiments were performed in triplicate.

Electrophoretic mobility shift assay (EMSA)

Preparation of nuclear extracts was performed as described (28). Protein concentrations
were determined by using the Coomassie blue Plus protein assay reagent kit (Pierce, Rockford,
IL) according to the manufacturer's procedures and 10 ug of nuclear protein was subjected to
electrophoretic mobility shift assays (EMSA). EMSA was carried out using a bandshift assay
system (Promega). Double-stranded oligonucleotides with sequences corresponding to the
region between -147 to -194 bp (194 probe) or 194 probe containing mutation (194mut probe) of
CEACAM1 promoter were synthesized by Sigma/Genosys (Houston, TX) and used as probe.
For supershift analyses, nuclear extracts were incubated with 1 pl rabbit anti-human polyclonal

antibody specific for Sp1, 8p2, Sp3, Sp4 (Santa Cruz Biotechnology).

immunostaining

Cells were plated overnight to allow them to attach. Cells were washed in PBS, fixed
with formalin, blocked with normal goat serum at room temperature for 30 minutes, and
incubated at 4°C overnight with Sp2 (K-20) antibody (Santa Cruz). The antibody binding was
detected by using ABC kit (Vector laboratory, Burlingame, CA) according to the manufacturer’s

instructions with 3,3'-diaminobenzidine as the chromogen. The immunostained sections were

then counterstained with hematoxylin.




Chromatin immunoprecipitation (ChIP) assays -- Quantitative ChlP assays were carried out as

described (29, 30) using the ChiP assay kit (UBI). NbE or Mat-LyLu cells grown on 10 cm
culture dishes were treated with formaldehyde to a final concentration of 1% at 37°C for 10 min.
The cells were scraped from the plates in phosphate-buffered saline (PBS) containing protease
inhibitors. The cell pellets were resuspended in lysis buffer and sonicated to reduce DNA size
to 200 to 1000 bp. The cell debris was removed by centrifugation and the supernatant that
contained the sheared chromatin were saved for further analysis. Aliquots of these chromatin
preparations are used to determine the total DNA content and for normalizing the PCR signals.
The remaining chromatin solution is used for immunoprecipitation. Anti-acety! histone H4 (Anti-
AcH4) antibody (#06-866, Upstate Biotechnology) or Sp2 antibody (K-20, Santa Cruz) was
added to chromatin solution and incubate overnight. The immune complexes were collected
with protein-A agarose. The protein-A agarose beads were pelleted by centrifugation and the
immune complexes eluted by elution buffer. The crosslinked protein-DNA complexes were
incubated at 65°C for 4 hours to reverse the crosslink. The proteins were digested with
proteinase K and DNA recovered by phenol/chioroform extraction and ethanol precipitation.
PCR using primer pairs corresponding to —162 to —240 region of the CEACAM1
promoter was used o detect the CEACAM1 promoter that forms complex with either acetylated
histone H4 or Sp2. Histone 3.3 was used as a control for total chromatin input. The primers for
H3.3 were: forward §-GCAAGAGTGCGCCCTCTACTG-3' and reverse  5'-
GGCCTCACTTGCCTCCTGCAA-3'. Data are representative of four ChiP assays using anti-
acetylated histone H4 antibody and two ChiP assays using anti-Sp2 antibody. Real Time PCR
was used to confirm the relative differences between ChIP samples. The primers and probe for
detecting CEACAM1 promoter were designed by using TagMan 7700 sequence detection

system (Perkin Elmer Life Sciences). For promoter region from —162 to —240, the primers used

in Real time PCR are: forward primer AACAATGAACCGAAAAGAGAGGAA (nt -240 to -217),
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reverse primer GAGCCTGCGACTCTGACAATG (nt —183 to —163), and the Tag-Man probe
GTTCTCTCAGTGCTGTCCTCCCATCCTTCT (-215 to —186). Values were normalized to

CEACAM1 promoter DNA levels in total sheared DNA samples.

Results
CEACAM1 protein in normal and prostate carcinoma cell lines

To study the regulation of CEACAM1 gene during prostate tumorigenesis, we first
characterized CEACAM1 expression in the Dunning rat prostate cancer cell lines to determine if
CEACAM1 protein expression levels show distinct tumor-specific down-regulation. The Dunning
3327 prostate cell line was isolated from a rat prostate tumor by Dunning (31) from a 22-month-
old inbred Copenhagen male rat. Following serial in vivo passage of the original R3327 tumor,
sublines (Dunning H, Dunning G, AT-1, AT-2, AT-3, Mat-Lu, Mat-LyLu) with different biological
characteristics were obtained and characterized (27). These cell lines represent tumors ranging
from relatively benign, slowly growing, differentiated, androgen-sensitive tumors to rapidly
growing, anaplastic, hormone-insensitive malignant tumors. We characterized CEACAM1
expression in AT-2, AT-3, Mat-LyLu of Dunning cell lines. The levels of CEACAM1 protein
expression in these rat prostatic cancer cell lines were examined by western immunoblot
analysis. A prostate cell line NbE, derived from ventral prostate of Noble rat (26), was used as a
conirol. As shown in Fig. 1A, a significant decrease in CEACAM1 protein levels occurred in the
rapid growing tumors, i.e. AT-2, AT-3 and Mat-LyLu. In Mat-LyLu cell line, CEACAM1
expression level is about 4% as compared to that of normal control cell line NbE. These results
are consistent with our previous observation that CEACAM1 is down-regulated in the human
prostate cancer cell lines (18) and the immunochistochemical study of mouse prostate cancer
tissues, which showed loss of CEACAM1 expression in prostate carcinoma (3). In addition, we

have previously shown that NbE cells, which express CEACAM1, were not tumorigenic when

injected into nude mice. However, down-regulation of CEACAM1 level by transfection of anti-
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sense CEACAM1 cDNA rendered NbE cells tumorigenic when injected into nude mice (12).
Taken together, these observations support that down-regulation of CEACAM1 is associated
with prostate cancer progression. NbE cells, which express CEACAM1 protein, and Mat-LyLu

cell line, which has lowest CEACAM1 level, were chosen for further studies.

‘CEACAM1 Messages in Prostate Cancer Cell Lines

Since decrease in protein expression can arise from transcriptional and post-
transcriptional events, we further examine the levels of CEACAM1 messages in the NbE and
Mat-LyLu cell lines. Using a probe generated from full-length CEACAM1 cDNA (24), Northern
blotting showed a significant decrease in the steady-state levels of 4 kilobase (kb) mRNA for
CEACAM1 in Mat-LyLu cells (Fig. 1B). These observations indicate that loss of CEACAM1
protein is due to the reduction of CEACAM1 transcript. Thus, down-regulation of CEACAM1
expression in prostatic cancer cells could be due to altered transcriptional activity, which could
result from changes in the cis elements, e.g., methylation, in the CEACAM1 promoter or the

frans factors, e.g., transcription factors, which regulate promoter activity.

Promoter Methylation

Aberrant hypermethylation of 5' CpG islands within proximal promoter regions has been
implicated as a mechanism by which tumor suppressor genes can be inactivated. Examples of
this mechanism have been best demonsirated for the VHL and p16 tumor suppressor genes
(32, 33). In addition, Graff et al. (34) have also shown that hypermethylation is one of the
mechanisms for the down-regulation of the "metastasis suppressor" gene, i.e., E-cadherin, in
prostate cancer. Genomic clone containing the CEACAM1 promoter has been isolated (25).
Promoter sequence analysis showed that CEACAM1 promoter does not have high CpG content

typical for genes whose expressions were modulated by methylation. Only 5 CpG dinucleotides

were found within the 250 bp promoter proximal region of CEACAM1 promoter. Treatment of
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the Mat-LyLu cells with DNA methylation inhibitor 5-aza-2'-deoxycytidine (35) did not result in an
increase of CEACAM1 protein expression as judged by RT-PCR and Western blot analysis
(data not shown). Thus, promoter methylation was unlikely to be involved in CEACAM1
regulation. This observation is also consistent with the report by Rosenberg et al. (21) that

methylation was not detected in mouse CEACAM1 gene in colon carcinoma samples examined.

Transcriptional regulation of CEACAM1 gene expression in prostatic cancer cell lines
Since CEACAM1 down regulation seems to occur at the transcriptional level, we next
examine how transcriptional regulation of CEACAM1 gene occurs in tumorigenesis. We have
previously isolated a genomic CEACAM1 gene (25). The promoter region of this gene (1.6 kb)
was cloned in front of a luciferase reporter gene and a series of transfection studies were
performed to localize the promoter sequence. Using promoter deletion analysis, the minimal
promoter is located between -194 and -147 bp 5’ of the CEACAM1 translation start site (25, 36).
In order to compare promoter activities in the CEACAM1 positive and negative cell lines,
we transfected the CEACAM1 promoter-luciferase constructs into NbE and Mat-LylLu cells.
Since the tumor-specific regulatory elements may reside outside the minimal promoter, we
tested the activity of -1609 bp, 439 bp, -249 bp and -194 bp promoter constructs. The
fransfection efficiencies were normalized against the Renilla luciferase activity from pTK-Ren, in
which the Renilla luciferase expression was driven by a thymidine kinase promoter. As shown in
Fig. 2, a similar pattern of promoter activity was observed in the four promoter constructs tested
in the Mat-LyLu cells as compared with the NbE cells. However, there is a significant decrease,
about 4-fold, in the overall CEACAM1 promoter activity in Mat-LyLu cells. These results
suggest that down-regulation of CEACAM1 in prostatic cancer cells may be due to altered
transcription factors that regulate CEACAM1 promoter activity and that one of the tumor-specific

promoter regulatory activities lies between -194 and -147 bp in the minimal CEACAM1 promoter

region.




11

Binding of NbE and Mat-LyLu nuclear extract to CEACAM1 promoter

Because loss of transcriptional activator(s) or activation of transcriptional repressor(s)
could be one of the mechanisms responsible for CEACAM1 down-regulation in tumorigenesis,
gel shift assays were used to examine the binding of nuclear proteins from NbE or Mat-LyLu
cells to a double stranded oligonucleotide containing the minimum promoter sequence (nt -194
to -147, 194-probe) of the CEACAM1 promoter. As shown in Fig. 3A, four major bands (complex
I-1V), were detected in the Mat-LyLu nuclear extract. The binding of complex I-IV is specific as
they can be competed by excess of unlabeled 194probe. In contrast, three major bands
(complex Il to V), which can be competed by excess of unlabeled 194probe, were detected in
the NDbE nuclear extract (Fig. 3A). Because complex | is only present in the Mat-LyLu extract, we
investigated the possibility that the protein(s) present in complex | may be related to the

decreased CEACAM1 promoter activity in Mat-LyLu celis.

Invoivement of Sp transcription factor family at the CEACAM1 promoter

Sequence analysis of 194-probe indicates that this region of CEACAM1 promoter is
highly GC-rich and it contains elements that match the consensus sequence for Sp1 binding site
{25). Thus, it is likely that these complexes contain Sp family of transcription factors. EMSA
supershift using antibody against the Sp1, Sp2, Sp3, and Sp4 was used to identify the protein(s)
present in complex I-IV in Mat-LyLu cells. As shown in Fig. 3B, complex i, which is present in
nuclear extracts from Mat-LyLu but not NbE cells, was shifted by anti-Sp2 antibody as judged by
the decrease of complex | intensity (Fig. 3B, lane 5). Complex Il was shifted by anti-Sp3
antibody (Fig. 3B, lane 6). Anti-Sp1 antibody generated a weak supershifted band, however, no
significant decrease was observed in any of the complexes, suggesting Sp1 might be a minor

component in these complexes. It is very likely Sp1 is associated with complex Il as it was

reported that Sp1 and Sp3 competed for the same binding sites in vivo (37). Anti-Sp4 antibody
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did not generate supershifted band and no decrease of complex intensity was detected. Since
Sp2 appears to be the major protein in complex |, it is likely that Sp2 is one of the transcription

factors that suppress CEACAM1 promoter activity in Mat-LyLu cells.

Levels of Sp2 protein in cells correlate with CEACAM1 down-regulation

Down-regulation of CEACAM1 in Mat-LyLu cells might be due to an increase in the
nuclear protein concentrations of Sp2 in Mat-LyLu (CEACAM1 low-expressing) as compared
with NbE (CEACAM-1 high-expressing) cells. Western blot analysis was performed on cell
extracts derived from Mat-LyLu or NbE cells using antibodies against Sp2. As shown in Fig. 4A,
protein levels of Sp2 was 10-fold higher in Mat-LylL.u celis than NbE cells.

Immuno-localization of Sp2 showed both nuclear and cytoplasmic staining of Sp2 in Mat-
LyLu and NbE cells, however, stronger signals were obtained from nuclear staining suggesting
that they are mainly localized in the nucleus (Fig. 4B). Consistent with western blot analysis,
the amount of Sp2 protein is higher in Mat-LyLu celis compared with that of NbE celis by both
immunofiuorescence (not shown) and immunoperoxidase detection using DAB (Fig. 4B). Thus,
the relative ievels of Sp2 in Mat-Lyl u and NbE cells correlate with potential repressive functions

of Sp2 in down-regulating the CEACAM1 promoter in these cells.

Suppression of CEACAM1 expression by Sp2

To investigate whether Sp2 has a direct effect on the CEACAM1 promoter activity, we
co-transfected Sp2 expression construct with CEACAM1 promoter constructs into NbE cells,
which have low levels of Sp2. Overexpression of Sp2 resulted in inhibition of the CEACAM1

promoter activity (Fig. 5A), suggesting that Sp2 is a transcription repressor of CEACAM1

promoter.
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To investigate whether Sp2 has an effect on the expression of the CEACAM1 protein in
the cells, we transfected Sp2 expression vector into NbE cells. Overexpression of Sp2 resulted
in suppression of the levels of CEACAM1 protein in NbE cells (Fig. 5B). This observation
indicates that Sp2 has an effect on the expression of endogenous CEACAM1 protein
suggesting that Sp2 is one of the factors that cause decreased expression of CEACAM1 protein
in Mat-LyLu cells. Taken together, these resuits indicate that increased expression of Sp2 in

Mat-LyLu cells suppresses the expression of CEACAM1.

Sp2 binding sequence at the CEACAM1 promoter

Sp-family transcription factors were known to bind to G-rich elements such as the GC-
box and the related GT-box (37). Sp2 was cloned because it binds in vitro to a GT-box
promoter element within the T-cell antigen receptor a gene (38). The 194 probe contains a GT-
box like sequence between nt-172 to -163 and thus, this GT-box like sequence may be the
potential Sp2 binding sequence. These nucleotides were mutated to generate a 194-mut probe
and used as a competitor in EMSA. Addition of 100-fold excess of the 194-mut probe blocked
complex lI-1V formation, but did not alter complex | formation (Fig. 3, lane 8). Because the 194-
mut probe cannot compete for Sp2 binding to complex |, this observation suggests that Sp2

may bind to the GT-rich sequence between nt-172 to -163 in the CEACAM1 promoter.

Mutation of Sp2 binding site increases promoter activity

Because mutation of nt -172 to -163 of CEACAM1 promoter resulted in a loss of Sp2
binding, a -194pLuc reporter containing the mutation of the Sp2 site (-194mutpLuc) was used to
determine if loss of Sp2 binding results in an increase in CEACAM1 promoter activity. The -

194mutpLuc reporter construct was transfected into Mat-LyLu cells and its promoter activity

compared with that of wild type -194pLuc reporter construct. Mutation of the Sp2 binding site
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reproducibly resulted in a 6 to 7-fold increase in CEACAM1 promoter activity in Mat-LyLu cells
compared to that of wild-type promoter (Fig. 5C), suggesting that binding of Sp2 to nt -172to

-163 of CEACAM1 promoter leads to suppression of CEACAM1 promoter activity in prostate

cancer cells.

Association of Sp2 with CEACAM1 promoter in vivo

We further investigated whether Sp2 is associated with the CEACAM1 promoter in vivo
by using a chromatin-immunoprecipitation (ChiP) assay. Mat-LyLu or NbE celis were incubated
briefly with formaldehyde to crosslink proteins to DNA. Following sonication, chromatin was
immunoprecipitated with anti-Sp2 antibody o examine its specific association with the
CEACAM1 promoter. The genomic DNA fragments bound to Sp2 were analyzed by PCR using
primers corresponding to nt —162 to —240 region of the CEACAM1 promoter. The association of
Sp2 with CEACAM1 promoter was higher in the Mat-LyLu cells compared to that of NbE cells
(Fig. 5D). Quantitative PCR using primers spanning the nt -162 to —240 of CEACAM1 promoter
detected a 2.7-fold increase of CEACAM1 promoter association with Sp2. These results
suggest that there is an increased association of Sp2 with endogenous CEACAM1 promoter in

Mat-LylLu cells compared to NbE celis.

Inhibition of HDAC activity by TSA activates CEACAM1 promoter activity

The conformation of genes within chromatin determines whether a gene is in its active or
inactive state. These structural features are regulated by enzymes that modify chromatin
structure. Histone acetylation leads to open chromatin conformation that promotes gene
transcription by making promoter sequences accessible to transcription factors. Association
with histone deacetylase (HDAC) contributes to the suppressive activity of several transcription

factors (39). To investigate whether the inhibitory effect of Sp2 on CEACAM1 promoter activity

in Mat-LyLu cells was mediated by HDAC, the HDAC inhibitor trichostatin A (TSA) (40) was
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used to examine if it can relieve Sp2-mediated repression at the CEACAM1 promoter. Mat-
LyLu cells were transfected with -194pLuc or -194mutpLuc and treated with or without TSA.
Treatment of cells with TSA resulted in about 19-fold increase of -194pLuc activity while TSA
did not have an effect on -194mutpLuc activity (Fig. 6A). These results suggest that Sp2

represses transcription of CEACAM1 gene by recruitment of histone deacetylase.

Acetylation state of CEACAM1 promoter in vivo

To address whether histone deacetylases might be involved in transcriptional down-
regulation of the CEACAM1 gene in prostate cancer cells, the association of acetylated histone
H4 (AcH4) with the CEACAM1 promoter in NbE and Mat-LyLu cells were analyzed by chromatin
immunoprecipitation (ChiP) assay using anti-AcH4 antibody. The genomic DNA fragments
bound to anti-AcH4 antibody were analyzed by PCR using primer pairs corresponding to nt
—162 to —240 of the CEACAM1 promoter. The amount of the CEACAM1 promoters associated
with anti-AcH4 antibody was higher in the NbE cells compared to that of Mat—LyLu cells (Fig.
6B). Quantitative PCR using primers spanning the nt —162 to —240 of CEACAM1 promoter
showed that the amount CEACAM1 promoter associated with anti-AcH4 antibody in the NbE
cells is 1.7-fold compared to that of Mat-Lyl.u cells. These results suggest that CEACAM1
promoter region is in more "acetylated” and thus in more "active” state in NbE cells compared o
that of Mat-LyLu cells.

Taken together, these observations suggest that association of Sp2 with HDAC leads to
decreased chromatin acetylation of CEACAM1 promoter and this results in decreased

CEACAM1 promoter activity in Mat-LyLu cells.

Discussion

We studied the mechanisms that down-regulate CEACAM1 expression in prostate

cancer. Several lines of evidence indicate that Sp2 may be involved in the down-regulation of
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CEACAM?1 in prostate tumors. First, Sp2 bound to CEACAM1 promoter; Second, Mat-LyLu
prostate cancer cells, which is tumorigenic when injected into nude mice, but not the non-
tumorigenic NbE prostate cells, expressed high level of Sp2. Third, overexpression of Sp2 in
NbE cells inhibited the CEACAM1 promoter activity and also the endogenous level of
CEACAM1 protein. Fourth, mutation of the putative Sp2 binding site within the CEACAM1
promoter increased the CEACAM1 promoter activity. Finally, Sp2 was shown to associate with
CEACAM1 promoter in vivo in Mat-LyLu cells. These observations suggest that transcriptional
suppression of CEACAM1 gene by Sp2 is one of the mechanisms that down-regulate
CEACAM1 expression in prostate cancer. In addition, we showed that Sp2 repress CEACAM1
transcription through recruitment of HDAC because treatment of Mat-LyLu cells with HDAC
inhibitor activated CEACAM1 promoter activity and the CEACAM1 promoter was more
acetylated in NbE cells compared to that of Mat-LyLu cells.

Sp2 is the first transcription factor identified that suppresses CEACAM1 transcription.
The transcription factor Sp1 was originally identified as a general transcription factor that binds
to the GC-boxes and regulated many ubiquitous genes (37). Molecular cloning revealed that
Sp1 is one of the members of gene family, Sp-family, transcription factors. Currently, Sp family
consists of at least five proteins designated Sp1 through 5 (37, 41). Extensive studies have
been reported for the function of Sp1 and Sp3 (37) and function of Sp4 has been demonstrated
in several systems (37). In contrast, very little is known about Sp2 and the early reported study
on Sp2 showed that it binds to a GT-box promoter element within the TCRao, promoter in vitro
(38). A recent study by Bakovic et al. (42) showed that Sp2 represses Sp1- and Sp3-driven
transcription of CTP:phosphocholine cytidylyltransferase o promoter in Drosophila SL2 cells.
Sp2 was shown to express in Jurkat T-cell line, the BJA-BB-cell line, K562 erythroid cells, and
Hel a cells (38) and thus, Sp2 was considered to be ubiquitously expressed. However, the

expression of Sp2 in normal tissues versus tumor cell lines was not extensively examined. Our

study suggests that expression of Sp2 may be related to tumorigenesis. Thus, high level of Sp2
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in these cell lines, which are generated from tumors, may be related to increased expression of
Sp2 during tumorigenesis. Further study will be needed to confirm this hypothesis. Our study
shows that Sp2 plays an important role in the regulation of CEACAM1 gene expression in
tumorigenesis. This observation raises interesting issues concerning the genes that are
regulated by Sp2 and the role of Sp2 in regulating cell growth and differentiation. Further study
on the function of Sp2 is warranted.

Chromatin remodeling is a fundamental mechanism governing gene regulation during
embryonic development and it may play a role in tumorigenesis. Histone deacetylase has an
important role in these processes (43). For example, histone deacetylase was shown to involve
in the development of acute promyelocytic leukemia (APL), and inhibitors of histone deacetylase
can restore retinoid responses of RA-resistant APL cell lines (44, 45). At least nine HDACs,
which can be classified to class | or Il HDACs, have been identified so far in mammalian
systems (46, 47). Transcription repression through HDACs can arise from a direct interaction of
transcription factors with HDACs or indirectly by co-repressors or adaptors. Transcriptional
repression by YY! was mediated by direct interaction with HDAC2 (48) while Mad associate with
HDAC2 indirectly through a transcriptional corepressor mammalian Sin3 (mSin3) (49). Our
observations that CEACAM1 promoter activity was increased by TSA {reatment and the
CEACAM1 gene promoter was hypoacetylated in cancer compared to normal cells by ChiP
assay suggest that histone deacetylation is the biochemical basis of down-regulation of
CEACAM1 gene expression in tumorigenesis. However, we do not have evidence that Sp2
binds to HDAC1 directly by co-immunoprecipitation assay (data not shown). We cannot rule out
the possibility that Sp2 may interact with other members of HDAC family. In addition, Sp2 may
recruit HDACs indirectly through co-repressors or other adaptor proteins. These possibilities
will require further investigation.

This work reported here demonstrates that HDAC, which is tethered to CEACAM1

promoter by Sp2, deacetylates proximal histones, leading to an altered chromatin structure that
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prevents transcriptional initiation of CEACAM1 gene. Thus, Sp2 mediates deacetylation of
histones within chromatin. Thus, histone deacetylation is one of the regulatory mechanisms
governing CEACAM1 tumor suppressor gene expression and support the notion of a close

connection between HDACs and cancer.
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Figure Legends

Fig. 1. Down-regulation of CEACAM1 in prostate cancer cells. (A) Immunoblot analysis of
CEACAM1 protein expression in NbE and Dunning rat prostate cancer cell lines, using
polyclonal anti-CEACAM1 antibody (Ab669) (50). The blot was reprobed with anti-actin
antibody as a loading control. The intensity of signal from CEACAM1 protein was quantitated
by Quantity1 (BioRad). In the Mat-LyLu cell line, the CEACAM1 expression level is about 4%
compared with that of normal NbE cells. (B) Northern blot analysis of CEACAM1 expression.
The levels of CEACAM1 messages in the NbE, AT2, AT3.1, and Mat-LyLu cell lines were
tested by Northern blot analysis using a probe generated from the full-length CEACAM1 cDNA
(24).

Fig. 2. Comparison of CEACAM1 promoter activities in NbE and Mat-LyLu cells. A series of
reporter plasmids containing various lengths of the CEACAM1 promoter were transfected into
NbE or Mat-LyLu cells as described in Materials and Methods. CEACAM1 promoter (-1600 bp)
cloned in reverse orientation (p-1609revlLuc) was used as a reference. NbE or Mat-LyLu cells
transfected with pTK-Renilla were used to normalize the transfection efficiency. After
normalization by renilla activities, the average luciferase activities + S.D. of triplicate
transfections were shown. Values located at each construct indicate the fold difference in the
promoter activity in NbE cells compared with that observed for Mat-LyLu cells. The experiment
was repeated three times with triplicate transfections for each construct and similar resuits were

obtained. Resuiis from one of the experiments were shown.

Fig. 3. (A) Electromobility shift assay of the interaction between NbE or Mat-LyLu nuclear extract

with 194probe. Oligonucleotides having sequences corresponding to the region between -194 to

-147 bp of the CEACAM1 promoter were synthesized and used as probe (194probe). Nuclear
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extracts from the NbE or Mat-LyLu were used. Positions of shifted complexes (complexes | to
IV) were indicated by arrows. (B) Electromobility shift assay in the presence of SP-1, SP-2, SP-3,
and SP-4 antibodies. Gel shift analysis using 194-probe was performed in the absence or
presence of antibodies against Sp1, Sp2, Sp3, or Sp4 (Lanes 4-7). Lane 4, anti-Sp1 antibody
generated a weak supershifted band, however, no significant decrease was observed in any of
the complexes, suggesting Sp1 might be a minor component in these complexes. Lane 5,
complex | was shifted by anti-Sp2 antibody as judged by the decrease of complex | intensity.
Lane 6, complex |l was shifted by anti-Sp3 antibody. Lane 8, gel shift assay in the presence of

100-fold molar excess of the 194mut probe as competitor.

Fig. 4. (A) Differential expression of Sp2 in NbE versus Mat-LyLu cells. Cell lysates (20 ug)
prepared from NbE or Mat-LyLu cells were boiled in SDS sample buffer and the proteins were
separated by SDS-PAGE. The proteins were transferred onto nitrocellulose membrane and
blotted with anti-Sp2 antibodies. (B) Localization of SP-2 in Mat-LyLu and NbE cells. Mat-LyLu
or NbE cells grown on coverslips were fixed by formaldehyde and immunostained with antibody

against Sp2. The localization of Sp2 protein was detected by diaminobezidine.

Fig. 5. Suppression of CEACAM1 expression by Sp2. (A} Sp2 decreases transcriptional activity
of CEACAM1 promoter in NbE cells. NbE cells were co-transfected with CEACAM1 promoter
reporter plasmid (-1609pLuc) and various amounts Sp2 expression vector or control vector
pcDNA3.1 as indicated. The luciferase activity is presented as a percentage of that of control
plasmid transfected cells. The data are presented as the mean + S. E. of three independent
experiments. (B) Increased expression of Sp2 inhibited endogenous CEACAM1 expression in
NbE cells. NbE cells were transfected with control expression vector pcDNA3.1 or pcDNA-Sp2

expression vector. Twenty four hours after transfection, the celis were harvested and lysed in

RIPA buffer. Equal amounts of proteins were loaded and electrophoresed on an 4-12% SDS-
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polyacrylamide gel. Western immunoblot analysis was performed by using anti-Sp2 antibody
and anti-CEACAM1 antibody {Ab669). The expression of a-actin was used as control. {C)
Mutation of SpZ2 binding site increases CEACAM1 promoter aclivity. Mat-Lylu cells were
transfected with luciferase reporter plasmids containing wild-type CEACAM1 promoter (-
194pLuc) or CEACAM1 promoter with mutation of Sp2 binding site (-194mutpLuc). Fold
induction of luciferase activity was calculated relative to that of —194pLuc. (D) Association of
Sp2 with CEACAM1 promoter in vivo. ChiP analysis of the CEACAM1 gene in NbE and Mat-
Lyl u celis was performed with anti-Sp2 antibody. PCR was used to detect the nt —162 to —240
region of the CEACAM1 promoter. PCR of histone 3.3 DNA was used as a control for total

chromatin input.

Fig. 6. (A) Inhibition of HDAC activity by TSA activates CEACAM1 promoter activity. Mat-LyLu
cells were transfected with —194pLuc or -194mutplLuc in the presence or absence of 1 uM
trichostatin (TSA). Fold induction of luciferase activity was calculated relative to that of
—194pLuc in the absence of TSA. (B) PCR of DNA fragments immunoprecipitated by anti-AcH4

antibodies.

Reference

1. Sager, R., Sheng, S., Anisowicz, A., Sotiropoulou, G., Zou, Z., Stenman, G., Swisshelm,
K., Chen, Z., Hendrix, M. J. C., Pemberton, P., Rafidi, K., and Ryan, K. RNA genetics of
breast cancer: maspin as paradigm. Cold Spring Harbor Symp. Quant. Biol,, LIX: 537-
546, 1994.

2. Ocklind, C. and Obrink, B. Intercellular Adhesion of Rat Hepatocytes:

Identification of a cell surface glycoprotein involved in the initial adhesion process. J. Biol.

Chem., 257: 6788-6795, 1982.




23

Pu, Y. S, Luo, W, Lu, H.-H., Gingrich, J., Greenberg, N., and Lin, S.-H. Differential
expression of C-CAM protein in prostate cancer progression in a transgenic
adenocarcinoma mouse model. J. Urol., 162: 892-896, 1999.

Kleinerman, D. I, Troncoso, P., Lin, S. H., Pisters, L. L., Sherwood, E. R., Brooks, T.,
von Eschenbach, A. C., and Hsieh, J. T. Consistent expression of an epithelial cell
adhesion molecule (C-CAM) during human prostate development and loss of expression
in prostate cancer: implication as a tumor suppressor. Cancer Res., 55: 1215-1220,
1995.

Neumaier, M., Paululat, S., Chan, A, Matthaes, P., and Wagener, C. Biliary
glycoprotein, a potential human cell adhesion molecule, is down-regulated in colorectal
carcinomas. Proc. Natl. Acad. Sci. U. 8. A, 90: 10744-10748, 1993.

Nollau, P., Scheller, H., Kona-Horstmann, M., Rohde, S., Hagenmuller, F., Wagener, C.,
and Neumaier, M. Expression of CD66a (human C-CAM) and other members of the
carcinoembryonic antigen gene family of adhesion molecules in human colorectal
adenomas. Cancer Res., 57: 2354-2357, 1997.

Nollau, P., Prall, F., Heimchen, U., Wagener, C., and Neumaier, M. Dysregulation of
carcinoembryonic antigen group members CGM2, CD686a (biliary glycoprotein), and
nonspecific cross-reacting antigen in colorectal carcinomas. Comparative analysis by
northern blot and in situ hybridization. Am. J. Path., 151: 521-530, 1997.

Bamberger, A. M., Riethdorf, L., Nollay, P., Naumann, M., Erdmann, |, Gotze, J.,
Brummer, J., Schulte, H. M., Wagener, C., and Loning, T. Dysregulated expression of
CD86a (BGP, C-CAM), an adhesion molecule of the CEA family, in endometrial cancer.
Am. J. Pathol., 152: 1401-1406, 1998.

Huang, J., Simpson, J. F., Glackin, C., Riethorf, L., Wagener, C., and Shively, J.

Expression of biliary glycoprotein (CD66a) in normal and malignant breast epithelial

celis. Anticancer, 18: 3203-3212, 1998,




10.

11.

12

13.

14.

15.

16.

17.

24

Riethdorf, L., Lisboa, B. W,, Henkel, U., Naumann, M., Wagener, C., and Loning, T.
Differential expression of CD66a (BGP), a cell adhesion molecule of the
carcinoembryonic antigen family, in benign, premalignant, and malignant lesions of the
human mammary gland. J. Histochem. Cytochem., 45: 957-963, 1997.

Hixson, D. C., McEntire, K. D., and Obrink, B. Alferations in the expression of a
hepatocyte cell adhesion molecule by transplantable rat hepatoceilular carcinomas,
Cancer Res, 45: 3742-3749, 1985.

Hsieh, J. T., Luo, W., Song, W., Wang, Y., Kieinerman, D. |, Van, N. T., and Lin, 8. H.
Tumor suppressive role of an androgen-regulated epithelial cell adhesion molecule {C-
CAM) in prostate carcinoma cell revealed by sense and antisense approaches. Cancer
Res., 55: 180-197, 1985.

Luo, W., Wood, C., Earley, K., Hung, M.-C., and Lin, S.-H. Suppression of tumorigenicity
of breast cancer cells by an epithelial cell adhesion molecule (C-CAM1): the adhesion
and growth suppression are mediated by different domains. Oncogene, 14 1687-1704,
1997.

Kleinerman, D. |, Dinney, C. P. N,, Zhang, W.-W,, Lin, S.-H., Van, N. T., and Hsieh, J.-
T. Suppression of human bladder cancer growth by increased expression of C-CAM1
gene in an orthotopic model. Cancer Res., 56: 3431-3435, 1996.

Kunath, T., Ordonez-Garcia, C., Turbide, C., and Beauchemin, N. Inhibition of colonic
tumor cell growth by biliary glycoprotein. Oncogene, 11: 2375-2382, 1995.

Luo, W., Talposky, M., Earley, K., Wood, C., Wilson, D., Logothetis, C. J., and Lin, S.-H.
The tumor suppressive activity of CD66a in prostate cancer. Cancer Gene Ther., 6: 313-
321, 1999.

Volpert, O., Luo, W., Liu, T.-J., Estrera, V. T., Logothetis, C., and Lin, S.-H. Inhibition of

prostate tumor angiogenesis by the tumor suppressor CEACAM1. J. Biol. Chem., 277:

35696-35702, 2002.




18.

18.

20.

21.

22.

23.

24,

25.

25

Thompson, J. A., Grunert, F., and Zimmermann, W. Carcinocembryonic antigen gene
family: molecular biclogy and clinical perspectives. J. Clin. Lab. Anal., 5: 344-366, 1991.
Brandriff, B. F., Gordon, L. A., Tynan, K. T., Olsen, A. S., Mohrenweiser, H. W., Fertitta,
A., Carrano, A. V., and Trask, B. J. Order and genomic distances among members of
the carcinoembryonic antigen (CEA) gene family determined by fluorescence in situ
hybridization. Genomics, 12: 773-779, 1992.

Robbins, J., Robbins, P. F., Kozak, C. A., and Callahan, R. The mouse biliary
glycoprotein gene (Bgp): partial nucleotide sequence, expression, and chromosomal
assignment. Genomics, 10: 583-587, 1891.

Rosenberg, M., Nedellec, P., Jothy, S., Fleiszer, D., Turbide, C., and Beauchemin, N.
The expression of mouse biliary glycoprotein, a carcinoembryonic antigen-related gene,
is down-regulated in malignant mouse tissues. Cancer Res., 53: 4938-4945, 1993.
Cheung, P. H,, Luo, W,, Qiu, Y., Zhang, X., Earley, K., Millirons, P., and Lin, S.-H.
Structure and function of C-CAM1. The first immuncglobulin domain is required for
interceliular adhesion. J. Biol. Chem., 268: 24303-24310, 1993.

Yang, J., Fizazi, K., Peleg, S., Sikes, C. R., Raymond, A. K., Jamal, N., Hu, M., Olive,
M., Martinez, L. A., Wood, C. G., Logothetis, C. J., Karsenty, G., and Navone, N. M.
Prostate cancer cells induce osteoblast differentiation through a cbfat-dependent
pathway. Cancer Res., 67: 5652-5659, 2001.

Lin, S.-H. and Guidotti, G. Cloning and expression of a cDNA coding for a rat liver
plasma membrane ecto-ATPase: the primary structure of the ecto-ATPase is similar to
that of the human biliary glycoprotein. J Biol Chem, 264: 14408-14414, 1989,

Najjar, S. M., Boisclair, Y. R., Nabih, Z. T., Philippe, N., Imai, Y., Suzuki, Y., Suh, D. 8.,
and Ooi, G. T. Cloning and characterization of a functional promoter of the rat pp120

gene, encoding a substrate of the insulin receptor tyrosine kinase. J. Biol. Chem., 271:

8809-8817, 1996.




26.

27.

28.

29.

30.

31.

32.

33.

26

Chung, L. W.K,, Chang, S.-M., Bell, C., Zhau, H. E., Ro, J. Y., and von Eschenbach, A.
C. Co-inoculation of tumorigenic rat prostate mesenchymal cells with non-tumorigenic
epithelial cells results in the development of carcinosarcoma in syngeneic and athymic
animals. Int. J. Cancer, 43: 1179-1187, 1989.

Isaacs, J. T., Isaacs, W. B., Feitz, W. F. J., and Scheres, J. Establishment and
characterization of seven Dunning rat prostate cancer cell lines and their use in
developing methods for predicting metastatic abilities of prostatic cancers. The Prostate,
9:261-281, 1986.

Chaturvedi, M. M., LaPushin, R., and Aggarwal, B. B. Tumor necrosis factor and
lymphotoxin. Qualitative and quantitative differences in the mediation of early and late
cellular response. J. Biol. Chem., 269: 14575-14583, 1994.

Braunstein, M., Rose, A. B., Holmes, S. G., Allis, C. D., and Broach, J. R. Transcriptional
silencing in yeast is associated with reduced nucleosome acetylation. Genes Dev., 7:
592-604, 1993.

Hecht, A., Strahl-Bolsinger, 8., and Grunstein, M. Spreading of transcriptional repressor
SIR3 from telomeric heterochromatin. Nature, 383: 92-96, 1996.

Dunning, W. F. Prostate cancer in the rat. Monographs of the National Cancer Institute.,
12: 351-369, 1963.

Herman, J. G., Latif, F., Weng, Y., Lerman, M. L, Zbar, B, Liy, S., Samid, D., Duan, D.
R., Gnarra, J. R,, Linehan, M., and Baylin, S. B. Silencing of the VHL tumor-suppressor
gene by DNA methylation in renal carcinoma. Proc. Natl. Acad. Sci. USA, 91: 9700-
9704, 1994.

Merlo, A, Herman, J. G, Mao, L., Lee, D. J., Gabrielson, E., Burger, P. C., Baylin, S. B.,

and Sidransky, D. 5' CpG island methylation is associated with transcriptional silencing

of the tumor suppressor p16/CDKN2/MTS1. Nature Medicine, 71: 686-692, 1995.




35.

36.

37.

38.

39.

40.

41,

42.

43.

27

Graff, J. R., Herman, J. G., Lapidus, R. G., Chopra, H., Xu, R., Jarrard, D. F., Isaacs, W.
B., Pitha, P. M., Davidson, N. E., and Baylin, S. B. E-cadherin expression is silenced by
DNA hypermethylation in human breast and prostate carcinomas. Cancer Res., 55:
5195-5199, 1995.

Jones, P. A. and Taylor, S. M. Cellular differentiation, cytidine analogs and DNA
methylation. Cell, 20: 85-93, 1980.

Phan, D., Sui, X., Luo, W., Najjar, S. M., Jenster, G., and Lin, S.-H. Androgen regulation
of the Cell-Cell Adhesion Molecule-1 (C-CAM1) gene. Mol. Cell. Endo., 184: 115-123,
2001.

Suske, G. The Sp-family of transcription factors. Gene, 238: 281-300, 1899.

Kingsley, C. and Winoto, A. Cloning of GT box-binding proteins: a novel ép'i multigene
family regulating T-cell receptor gene expression. Mol. Cell. Biol., 12: 4251-4261, 1992.
Kuo, M. H. and Allis, C. D. Roles of histone acetyltransferases and deacetylases in gene
regulation. Bioessays, 20: 615-626, 1998.

Yoshida, M., Horinouchi, S., and Beppu, T. Trichostatin A and trapoxin: Novel chemical
probes for the role of histone acetylation in chromatin structure and function. Bioessays,
17: 423-430, 1895.

Harrison, S. M., Houzelstein, D., Dunwoodie, S. L., and Beddington, R. S. P. Sp5, a new
member of the Sp1 family, is dynamically expressed during development and genetically
interacts with Brachyury. Dev. Biol., 227: 358-372, 2000.

Bakovic, M., Waite, K. A., and Vance, D. E. Functional significance of Sp1, Sp2, and
Sp3 transcription factors in regulation of the murine CTP:phosphocholine
cytidylyltransferase alpha promoter. J. Lipid Res., 41: 583-594, 2000.

Timmermann, S., Lehrmann, H., Polesskaya, A., and Harel-Bellan, A. Histone

acetylation and disease. Cell. Mol. Life Sci., 58: 728-736, 2001.




28

44, Lin, R. J., Nagy, L., Inoue, S., Shao, W., Miller, W. H. J., and Evans, R. M. Role of the
histone deacetylase complex in acute promyelocytic leukemia. Nature, 397: 811-814,
1998.

45, Lin, R. J,, Egan, D. A, and Evans, R. M. Molecular genetics of acute promyelocytic
leukemia. Trends in Genetics, 15: 179-184, 1999,

486, Kao, H.-Y., Downes, M., Ordentlich, P., and Evans, R. M. Isolation of a novel histone
deacetylase reveals that class | and class |l deacetylases promote SMRT-mediated
repression. Gene and Develop., 14: 55-86, 2000.

47.  Bertos, N. R, Wang, A. H,, and Yang, X. J. Class | histone deacetylases: structure,
function, and regulation. Biochem. Cell Biol., 79: 243-252, 2001.

48, Yang, W.-M., Inouye, C., Zeng, Y., Bearss, D., and Seto, E. Transcriptional repression
by YY1 is mediated by interaction with a mammalian homolog of the yeast global
regulator RPD3. Proc. Natl. Acad. Sci. USA, 93: 12845-12850, 1996.

49, Laherty, C. D, Yang, W.-M,, Sun, J.-M,, Davie, J. R., Seto, E., and Eisenman, R. N.
Histone deacetylases associated with the mSin3 corepressor mediate Mad
transcriptional repression. Cell, 89: 349-356, 1997.

50. Lin, S.-H., Culic, O., Flanagan, D., and Hixson, D. C. Immunochemical characterization
of two isoforms of rat liver ecto-ATPase that show an immunological and structural

identity with a glycoprotein cell-adhesion molecule with Mr 105,000. Biochem J, 278:

155-161, 1991.




rig. 1 |
29

e PE  AT2 - AT3  Mat-LyLu

100 = |
70=

p - Actin

28m= .

[y

Lh

-
1

CEACAMI1
( Arbitrary Units)
=
S
1

NbE AT2 AT3 Mat-LyLn

L CEACAMI1

o o L @ | 3684

NbE AT 2 AT3 Mat-LyLu




Fig. 2 30

-1605Hev pluc i
pluc 4 E Mat-Ly¥Lu
609pine
-4 Lue !
-430
-249p L
-1%dpLac
140
Luciferase' TK-Renilla
Fig. 3
NbE - o A = - ﬁﬂﬁh@dg -
Matlylu - - - + + Compstitor =
Competilor = = 4+ = 4 Matiylu =

Compiex| -—»
Complex I} —a!

Complex Il -] | - %“ ~-s— Sp2
Complex IV —| i ~— Sp3
=i
—

1 2 3 4 5 12345678




NbE

Mat-LylLu

31




¥

Fig. 5 32

pehNA 1
peDNA. Sp2

¥

£ wif & pctiNast

W e lENA 3l

|

- 5p2

5

= CEACAM]

Percont Actly
T %

e e e 15 ACHn

-

Amiunt of Plasmils ingi

C ‘ D Total Input
Chrorpatin @ Sp2 ChiP

FURUSEURIIUSUINIISIUIVRUIE £ 5 b . T o &5 3 SOt osy TeEPEpL o7 e o
' A

foa JREEE ST24

e o n e ronen Lk w ) e
FOAGA AR A UAY PG TUAIAG L A0 1 1A f,I"f’['{'!slS‘Lf.‘,-S} T ¥t

2 | - H33
. T8 - CEACAMI
s -- CHgns

.

- ESAE S TR

wlp Lo Fadaint plas a§ 2 3 4




Fig. 6 33

-194 Sp 2 -14
TGAGAGAACAGCATTGTCAGAGTCGCAGGCTCCACCCCCCAGCCCAC -194pLuc

............................................... AATTACTTT A riirciesivseiscceencceeaws. -194mutpLuc
A z 5

2 - T w/o TSA

18 wi/ TSA

Folds Induaction
)

o \ B2 %
-194pLauc -194mutpLue
B Total Input
Chromatin AcH4 ChIP

-4 H3.3

- CEACAM1




